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[1] This study presents a new approach to quantitatively assess the relationship between the composition
and seismic P-wave velocity of anhydrous igneous and meta-igneous rocks. We perform thermodynamic
calculations of the equilibrating phase assemblages predicted for all igneous composition space at various
pressure and temperature conditions. Seismic velocities for each assemblage are then estimated from
mixing theory using laboratory measurements of the elastic parameters for pure mineral phases. The
resultant velocities are used to derive a direct relationship between Vp and major element composition valid
to ±0.13 km/s for pressure and temperature conditions along a normal crustal geotherm in the depth range
of 5–50 km and equilibration pressures 12 kbar. Finally, we use the calculated velocities to invert for
major element chemistry as a function of P-wave velocity assuming only the in situ temperature and
pressure conditions are known. Compiling typical velocity-depth profiles for the middle and lower
continental and oceanic crust, we calculate compositional bounds for each of these geologic environments.
We find that the acceptable compositional range for the middle (15–30 km) and lower continental (35
km) crust is broad, ranging from basaltic to dacitic compositions, and conclude that P-wave velocity
measurements alone are insufficient to provide fundamental constraints on the composition of the middle
and lower continental crust. However, because major oxides are correlated in igneous rocks, joint
constraints on Vp and individual oxides can narrow the range of acceptable crustal compositions. In the
case of the lower oceanic crust (2 km), observed velocities are 0.2–0.3 km/s lower than velocities
calculated based on the average bulk composition of gabbros in drill cores and exposed ophiolite
sequences. We attribute this discrepancy to a combination of residual porosity at crustal depths less than
10 km and hydrous alteration phases in the lower crust, and suggest caution when inferring mantle
melting parameters from observed velocities in the lower oceanic crust.
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1. Introduction
[2] Knowledge of the composition of the middle
(15–30 km) and lower (35 km) continental crust
and the lower oceanic (2 km) crust is critical to
our understanding of crustal formation and evolu-
tion. The composition of the crust also affects
crustal rheology and plays an important role in
controlling active tectonic processes in continental
and oceanic environments. However, to date the
composition of the middle and lower crust
remains poorly constrained. Unlike the upper
crust, which is easily accessible to geologic sam-
pling, direct sampling of the middle and lower
crust is limited to xenoliths, high-grade metamor-
phic terranes, rare exposures of high pressure
igneous assemblages, and, in the case of oceanic
crust, ophiolites. Although these samples have
provided valuable insights into crustal composi-
tion, their heterogeneity and possible sampling
bias make it difficult to assess how representative
they are of the overall composition of the middle
and lower crust.
[3] An alternate approach to studying middle and
lower crustal composition involves seismic meas-
urements, which allow large sections of the crust to
be characterized in situ. Unfortunately, this method
has been limited by the difficulty in determining
rock types from estimates of average seismic
velocity. One method that is frequently used to
extrapolate composition from seismic data is for-
ward modeling of seismic velocities for rocks with
known seismic properties [e.g., Pakiser and Rob-
inson, 1966; Smithson, 1978; Holbrook et al.,
1992; Christensen and Mooney, 1995; Rudnick
and Fountain, 1995]. In this approach, the elastic
properties of a wide range of crustal compositions
are first measured in the laboratory at different
temperatures and pressures (e.g., Birch [1960,
1961]; Christensen [1965] and numerous studies
thereafter). These results are then extrapolated to
geologic conditions and compared with seismic
refraction data to determine which rock types are
consistent with the observed seismic data. While
this method can be used to qualitatively assess the
composition of the middle and lower crust, forward
modeling cannot quantitatively evaluate the full
range of compositions that are consistent with a
specific set of seismic observations.
[4] Miller and Christensen [1994] and Kern et al.
[1996] conducted early attempts to directly relate
P-wave velocity, Vp, to major element content in
middle and lower crustal rocks from the Kohistan
accreted arc terrain and the North China craton.
Following a similar approach, Kelemen and Hol-
brook [1995] compiled laboratory data on igneous
and meta-igneous rocks from a wide range of
geologic environments, and used multiple linear
regression to relate Vp to SiO2 and MgO. The
utility of the resulting empirical relationships, how-
ever, are limited by a number of factors. First, the
samples for which both Vp and compositional data
are available do not encompass the full spectrum of
compositions that may be present in the middle and
lower crust. Second, under certain conditions labo-
ratory measurements are hampered by microcracks
and secondary alteration that may not be present in
situ. These effects are particularly problematic in
xenoliths, where grain boundary alteration during
entrainment can significantly alter the physical
properties of the sample [Rudnick and Jackson,
1995; Gao et al., 2000]. Finally, the pressure and
temperature conditions at which a bulk composi-
tion equilibrates will govern its crystallizing min-
eral assemblage. Thus, for any single bulk
composition, a range of seismic velocities will be
predicted as a function of the equilibrium condi-
tions [Sobolev and Babeyko, 1994]. The presence
of garnet is of particular importance because its
high seismic velocity implies that even in small
quantities it can significantly increase the overall
seismic velocity of a crystallizing assemblage.
Because Kelemen and Holbrook [1995] were inter-
ested in studying igneous crust outside the garnet
stability field, they eliminated samples containing
garnet from their analysis. However, a comprehen-
sive estimate of the composition of the middle and
lower crust from seismic data must incorporate
garnet and other high pressure phases.
[5] Sobolev and Babeyko [1994] addressed the
importance of high pressure phases on seismic
velocity by calculating equilibrium mineral
assemblages for 9 representative igneous bulk
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compositions over a wide range of pressure and
temperature conditions. From the equilibrium min-
eral assemblages they estimated seismic velocity
for each composition using the method of Sobolev
and Babeyko [1989]. Based on these results, Sobo-
lev and Babeyko [1994] found that seismic veloc-
ities were most sensitive to SiO2 content and
showed that felsic, intermediate, and mafic rocks
could be broadly distinguished based on their Vp to
Vp/Vs ratios. Similar methods have been used to
examine hydrous rocks from the Kola borehole
[Babeyko et al., 1994], anhydrous mantle xenoliths
[Sobolev et al., 1996, 1997], and to construct
mineralogical and seismic models for the Martian
crust [Babeyko and Zharkov, 2000]. However,
none of these studies have attempted to invert bulk
composition directly from Vp.
[6] In this study, we expand on the petrophysical
modeling of Sobolev and Babeyko [1994] to quan-
titatively assess the relationship between composi-
tion and P-wave velocity in anhydrous igneous and
meta-igneous rocks. Specifically, we assess the full
range of igneous and meta-igneous compositions
that are consistent with a particular P-wave veloc-
ity, assuming that only the in situ temperature and
pressure conditions are known. We perform ther-
modynamic calculations to determine the crystal-
lizing mineral assemblages at various equilibrium
conditions for all igneous composition space. P-
wave velocities for each assemblage are estimated
from mixing theory using laboratory measurements
of the elastic parameters for pure mineral phases.
The resultant velocities are then used to derive a
direct relationship between Vp and major element
oxide composition, and the implications of this
relationship for mantle melting systematics are
explored. Finally, the calculated velocities are used
to invert directly for major element chemistry as a
function of Vp. Based on this inversion, we find the
acceptable range of compositions for the middle
and lower continental crust to be extremely large,
ranging from basaltic to dacitic compositions. In
the case of oceanic crust, observed lower crustal
velocities are found to be 0.2–0.3 km/s lower than
velocities calculated based on the average bulk
composition of oceanic gabbros in drill cores and
exposed ophiolite sequences. We find the most
likely candidates for this discrepancy to be residual
porosity at crustal depths less than 10 km and/or
the presence of hydrous alteration phases in the
lower crust, and suggest caution when inferring
mantle melting parameters from observed veloc-
ities in the lower oceanic crust.
2. Igneous Composition Space
[7] We characterize the composition space of nat-
urally occurring igneous and meta-igneous rocks
(referred to hereafter as ‘‘igneous compostion
space’’) using data from the IGBA database
[Chayes, 1985; Brandle and Nagy, 1995]. IGBA
contains 19,000 volcanic and plutonic rock sam-
ples compiled from over 1300 sources across a
broad spectrum of geologic environments. Of these
samples, 18,637 include analyses on the 7 major
element oxides, SiO2, Al2O3, MgO, FeO* (FeO +
0.9Fe2O3), CaO, Na2O, and K2O. The variance-
covariance matrix for the 7 major oxides is calcu-
lated in Table 1. The total variance of the oxide
space is defined by the trace of the matrix, and the
relative proportion explained by each oxide can be
calculated by dividing the individual variance by
the total variance. For example, SiO2 and MgO
account for the largest share of the total variance,
explaining 53% and 20%, respectively.
[8] To further examine the structure of igneous
composition space, we perform a principal compo-
nent analysis on the 7 major element oxides in the
IGBA database. The principal components of a
Table 1. Variance-Covariance Matrix for Seven Major
Element Oxides in IGBA Databasea
Oxide
Oxide
SiO2 Al2O3 MgO FeO* CaO Na2O K2O
SiO2 82.09
Al2O3 2.67 10.77
MgO 30.03 10.74 30.59
FeO* 25.69 2.58 8.53 12.89
CaO 25.66 0.60 6.76 8.51 13.95
Na2O 4.44 2.02 4.50 2.15 2.61 2.42
K2O 7.64 0.42 4.17 3.34 3.94 1.07 2.80
a
Only the lower half of the symmetric matrix is shown. Note that
the units of variance are wt%2 and the total variance of the system is
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system correspond to the eigenvectors of the var-
iance-covariance matrix, and represent the coordi-
nate axes that most efficiently explain the total
variance of the system assuming linear relation-
ships between bulk composition and individual
oxide components. The associated eigenvalues
give the portion of the total variance explained
by each eigenvector. The principal components of
the IGBA oxide data are given in Table 2 and are
illustrated as bar diagrams in Figure 1. Note that
eigenvectors eI and eII explain 89% of the total
variance in the oxide space, as compared to only
73% by SiO2 and MgO.
[9] The applicability of the principal components
to natural igneous systems can be interpreted in
terms of the relationships between the major ele-
ment oxides in each eigenvector. For example, the
anti-correlation of SiO2 to MgO, FeO*, and CaO
in eI nicely describes the transition from felsic to
mafic compositions, which accounts for 73% of
the variance in the IGBA composition space. Like-
wise, the strong anti-correlation between Al2O3
and MgO in eII represents the progression from
lavas to cumulates, and the anti-correlation of
MgO and FeO* in eIV separates primitive from
relatively evolved, Fe-rich, basaltic lavas and
cumulate gabbros.
2.1. Generation of Synthetic Bulk
Compositions
[10] Using the principal components calculated
above, we now construct a set of synthetic bulk
compositions that spans the full range of igneous
composition space. Synthetic compositions are
calculated by taking linear combinations of eI, eII,
eIII, eIV, and eV. We chose to sample only the first
five principal components because these account
for 99% of the total variance of the system. To
determine the range over which to sample each
component, we construct histograms of the princi-
pal component scores of the original oxide data
(Figure 2). The principal component scores are
calculated by projecting the original data onto each
of the five eigenvectors. A uniform sampling
scheme (see Figure 2) is chosen to insure that
sampling biases in the IGBA database do not cause
us to underrepresent certain regions of igneous
composition space. This is particularly important
as rocks found in the middle and lower crust may
be less likely to be sampled at the surface. All
linear combinations that result in either a negative
value for one of the major element oxides or a total
weight percent <95% are eliminated, reducing the
total number of synthetic bulk compositions from
15,925 to 479.
[11] Figure 3 shows a comparison of the major
element oxide distributions from the IGBA data-
base and the synthetic compositions. The linear
sampling scheme results in oxide distributions
for the synthetic data that are broader than those
for the original IGBA data. Our goal, however,
is not to create a dataset that perfectly reprodu-
ces the major element chemistry of all igneous
and meta-igneous rocks, but rather to generate a
set of bulk compositions that fully encompasses
possible igneous compositions. The synthetic
distributions shown in Figure 3 satisfy our
requirement, as the naturally occurring range of
Table 2. Eigenvectors and Eigenvalues of the Variance-Covariance Matrix in Table 1
Oxide
Eigenvector
eI eII eIII eIV eV eVI eVII
SiO2 0.836 0.271 0.259 0.250 0.216 0.008 0.227
Al2O3 0.067 0.533 0.522 0.276 0.547 0.187 0.168
MgO 0.370 0.748 0.299 0.259 0.270 0.013 0.273
FeO* 0.274 0.093 0.590 0.372 0.564 0.088 0.322
CaO 0.269 0.252 0.377 0.706 0.295 0.073 0.362
Na2O 0.062 0.107 0.226 0.260 0.079 0.786 0.491
K2O 0.090 0.004 0.172 0.299 0.412 0.577 0.608
Eigenvalues 113.42 24.71 6.78 5.74 2.93 1.27 0.65
% Variance 72.94 15.89 4.36 3.69 1.89 0.82 0.42
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each major oxide is represented by the synthetic
compositions.
3. Calculation of Vp for Igneous
Composition Space
[12] To estimate seismic velocities for the bulk
compositions in our synthetic data space, we calcu-
late mineral assemblages at various equilibrium
conditions and use the elastic moduli of the stable
phases to place bounds on the seismic velocities. A
number of previous workers have used a normative
mineralogy-based approach to calculate hypothet-
ical solid velocities for primary and residual liquids
of mantle melts [e.g., White and McKenzie, 1989;
Korenaga et al., 2002]. However, using CIPW
norms to estimate equilibrium mineral assemblages








Figure 1. (a–g) Bar plots of principal components given in Table 2. Percentage of total variance described by each
component is shown. Linear combinations of components eI, eII, eIII, eIV, and eV are used to construct the synthetic
composition space from which crystallizing phase assemblages are calculated.
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ignores the possible presence of high pressure min-
erals such as garnet. Because of its high seismic
velocity (Vp > 8.5 km/s), even small amounts of
garnet may significantly influence the overall veloc-
ity of a mineral assemblage. Thus, to assess the full
range of igneous compositions that are consistent
with a given seismic velocity, it is necessary to use a
thermodynamic approach when estimating the
equilibrium mineral assemblages [e.g., Sobolev
and Babeyko, 1989, 1994; Babeyko et al., 1994].
[13] Subsolidus phase equilibrium calculations are
performed using a free energy minimization algo-
rithm developed by Connolly [1990] and the
thermodynamic database of Holland and Powell
[1998]. Only the 7 major element oxides used to
construct the synthetic bulk compositions were
included in the calculations. TiO2 and P2O5 were
excluded for simplicity, as they are unlikely to
affect the calculated subsolidus modes. For each
synthetic composition, crystallizing mineral
assemblages were calculated for an equilibration
temperature, Teq, of 800C and equilibration
pressures, Peq, of 0.5, 1, 2, 4, 6, 8, 10, 12, 15,
and 20 kbar. We choose a single equilibration
temperature of 800C because this is a likely,








































































Figure 2. Histograms of principal component scores for (a) eI, (b) eII, (c) eIII, (d) eIV, and (e) eV. Triangles represent
sampling points used to generate synthetic compositions. Principal component scores are referenced to the mean
composition of the IGBA oxide data: 54.92 wt% SiO2, 15.66 wt% Al2O3, 5.16 wt% MgO, 7.83 wt% FeO* (FeO*
signifies all Fe as FeO), 7.09 wt% CaO, 3.47 wt% Na2O, and 2.01 wt% K2O.
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lower bound for net-transfer reactions (nucleation
and growth of new mineral phases) under anhy-
drous, lower crustal conditions [e.g., Austrheim,
1998; Hacker et al., 2000; B. Hacker, personal
communication, 2001]. Equilibrium solutions
were not found at one or more of the Peq, Teq
conditions for 56 of the 479 synthetic composi-
tions. In general, these compositions lie near the
limits of the synthetic data space and are not
representative of naturally occurring igneous rock
compositions.
[14] The calculated mineral assemblages are then
used to estimate seismic velocities for each syn-
thetic composition at the 10 equilibrium condi-
tions. The weight proportions of the equilibrium
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Figure 3. Observed frequency distributions for major oxides in IGBA database, (a) SiO2, (c) Al2O3, (e) MgO, (g)
FeO*, (i) CaO, (k) Na2O, (m) K2O, and calculated frequency distributions for synthetic compositions, (b) SiO2, (d)
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phases are converted into volume proportions
using the mineral densities. Hashin-Shtrikman
bounds [e.g., Hashin and Shtrikman, 1963; Watt
et al., 1976; Berryman, 1995] are calculated for Vp
and Vs of each multi-phase assemblage using
compilations of densities and elastic moduli from
Sobolev and Babeyko [1994] and Bass [1995]. For
the bulk compositions in the synthetic data space
the bounds are typically tighter than 0.12 km/s, and
we use the average of the upper and lower bounds
to estimate the velocity. We note that for mineral
assemblages with strongly contrasting elastic prop-
erties (e.g., garnet and quartz) these bounds may be
considerably larger (>0.15 km/s). Figure 4 illus-
trates a sample calculation for one of the compo-
sitions in the synthetic data space. We note that the
velocities calculated in this manner assume an
anhydrous mineral assemblage with no residual
porosity.
[15] Because pressure and temperature can strongly
affect the seismic velocities of crustal and mantle
rocks [e.g., Christensen, 1979], it is necessary to
correct Vp and Vs to a reference pressure, Pref, and
temperature, Tref. We calculate the pressure and
temperature effects before computing the Hashin-
Shtrikman bounds by correcting the elastic proper-
ties of the individual minerals using the compilation
of P-, T-derivatives by Sobolev and Babeyko
[1994]. Note that Pref and Tref are independent
of Peq and Teq, with the former representing the
pressure and temperature conditions at which the
seismic velocity is measured and the latter referring
to the conditions under which the sample equili-
brated. We calculate values of Pref and Tref along
a crustal geotherm for a depth range of 5–50 km,
assuming [Pollack and Chapman, 1977]
Pref ¼ rgz ð1Þ
and








where r is the average crustal density, g is the
gravitational acceleration, z is depth, To is the
surface temperature, qs is the surface heat flow,
qm is the mantle (or reduced) heat flow, d is a
characteristic depth scale, and K is the thermal
conductivity. We assume r = 2900 kg/m3, To =
10C, d = 10 km, K = 3.35 W m1 K1, and
qm to be 60% of qs for all calculations. Values of
qs = 35, 56, and 90 mW m
2 are used to simulate
cold, normal, and warm crustal geotherms,
respectively. Thus, for each synthetic bulk


















































Figure 4. Sample calculation of the equilibrium
mineral assemblage and corresponding P-wave velocities
for the synthetic bulk composition with 54.24 wt% SiO2,
14.27 wt% Al2O3, 12.24 wt% MgO, 6.98 wt% FeO*,
10.88 wt% CaO, 1.25 wt% Na2O, and 0.05 wt% K2O. (a)
Calculated density (black) and Vp (gray) for the crystal-
lizing assemblage at (1) Pref = 200C and Tref = 3kbar
(solid curves) and (2) Pref = 600C and Tref = 10kbar
(dashed curves). (b) Volume proportions of the crystal-
lizing phases as a function of Peq. Teq = 800C for all
calculations. Mineral abbreviations are (Opx) orthopyr-
oxene, (Cpx) clinopyroxene, (Pl) plagioclase, (Gt)
garnet, (Qz) quartz, and (Jd) jadeite.
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combinations of Peq, Teq and Pref , Tref along a
particular geotherm.
3.1. Comparison to Laboratory Data
[16] Before analyzing the relationship between bulk
composition and P-wave velocity using the syn-
thetic data space, it is necessary to evaluate the
ability of our approach to reproduce seismic veloc-
ities for known igneous compositions. We compiled
high-quality laboratory data on 139 igneous and
meta-igneous rocks for which both Vp and major
element composition are measured [Manghnani et
al., 1974;Kern and Richter, 1981;Kern and Schenk,
1985; Christensen and Szymanski, 1988; Kern and
Schenk, 1988; Christensen, 1989; Burke and Foun-
tain, 1990; Fountain et al., 1990; Kern and Tubia,
1993; Miller and Christensen, 1994]. We limit our
compilation to measurements of Vp at 6 kbar to
simulate confining pressures appropriate for the
middle and lower crust and to avoid the possible
effect of microcracks on Vp in experiments at low
pressure. For samples in which velocities were
measured in three orthogonal directions, the average
value is used in the comparison. Equilibrium phase
assemblages are calculated for the reported major
element compositions over the range: Teq = 500–
1000C and Peq = 2–12 kbar. Vp, Vs, and density are
calculated for each equilibrium mode using the
Hashin-Shtrikman bounds and the best-fit Vp for
each composition is determined. We choose to fit
only Vp because most density measurements were
made at ambient pressure and temperature, increas-
ing the risk of residual porosity, and Vs data were
available for only a small subset of samples. How-
ever, both the densities and the Vs values calculated
from the mineral assemblages fit for Vp compare
well to the laboratory data (Figure 5). The values of
Peq and Teq corresponding to the best-fit Vp for each
sample are illustrated in Figure 5b. Based on our
approach, the data for samples analyzed in the
laboratory appear to be characterized by two princi-
pal styles of equilibration. The first occurs at a
pressure of 1 GPa and low temperature, while
the second is characterized by equilibration at lower
pressure over a wide range of temperatures.
[17] We also compared the calculated equilibrium
phase proportions fit for Vp with the observed
phase proportions for samples on which point-
counts were performed (Figures 5e–5j). Overall
the calculated phase proportions compare well with
the observed phase proportions. The most impor-
tant discrepancy is found in the prediction of
olivine proportion, in which our equilibrium cal-
culations often predict up to 20 wt% olivine even
though none is observed in the laboratory sample.
This discrepancy is probably due to the fact that we
ignore both Fe3+ and Cr in our equilibrium calcu-
lations. The absence of these components sup-
presses reactions in which olivine reacts to form
either spinel or magnetite, and thus leaves an
excess of olivine in the calculated mineral assemb-
lages. However, this excess olivine (plus plagio-
clase) has density and seismic velocity similar to
the spinel + pyroxene assemblages that would
replace it in a Cr-bearing system, and thus does
not result in a systematic misfit for Vp, Vs, and
density.
[18] A comparison of the best-fit Vp data to the
laboratory measurements at confining pressures 6
kbar shows the calculated velocities overpredict the
experimental data by 0.05 ± 0.12 km/s (Figure 5).
This overprediction may be caused by residual
porosity or the presence of alteration phases in
the laboratory samples [e.g., Jackson et al., 1990].
To isolate the effect of porosity, we compare the
best-fit Vp to laboratory data for confining pres-
sures ranging from 0.1 to 10 kbar (Figure 6). In
general, the residual between the best-fit and exper-
imental velocities decreases with increasing confin-
ing pressure. At pressures 3 kbar, the calculated
velocities overpredict the experimental data by
>0.15 km/s. However, for pressures 4 kbar the
best-fit and experimental velocities agree within
error. This implies that microcracks are not com-
pletely closed below pressures of3 kbar or corres-
ponding crustal depths shallower than 10 km.
Similar conclusions have been drawn from exper-
imental studies that observe an increase in Vp with
confining pressure from 0–2 kbar that is signifi-
cantly more rapid than that predicted from the
mineral compressibilities alone [e.g., Kern and
Richter, 1981; Kern and Schenk, 1985, 1988].
[19] The scatter in the residuals is probably related
to anisotropy in the laboratory data. Christensen
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Figure 5. Comparison of calculated and laboratory determined Vp in 139 igneous and meta-igneous rocks at Tref =
25C and Pref  6 kbar [Manghnani et al., 1974; Kern and Richter, 1981; Kern and Schenk, 1985; Christensen and
Szymanski, 1988; Kern and Schenk, 1988; Christensen, 1989; Burke and Fountain, 1990; Fountain et al., 1990; Kern
and Tubia, 1993; Miller and Christensen, 1994]. Vp, Vs, and density are calculated for each bulk composition from
the equilibrium mode over a range of Teq = 500–1000C and Peq = 2–12 kbar. The best-fit Vp is then determined for
each sample over the range of equilibrium conditions. (a) Best-fit Vp versus experimentally determined Vp. For
experimental data in which velocities were measured in multiple directions the average value is used in the
comparison. Gray symbols represent samples containing garnet, black symbols represent samples that are garnet-free.
The residuals of the best-fit data are calculated relative to a one-to-one correlation (black line), and have a mean =
0.047, median = 0.015, and standard deviation = 0.125 km/s. (b) 2-D histogram of best-fitting Teq and Peq. Italic
numbers indicate number of samples in each bin. (c) Calculated versus laboratory measured density using the
equilibrium modes fit for Vp (mean = 0.038, median = 0.032, and standard deviation = 0.080 g/cm
3). (d) Calculated
versus laboratory Vs using equilibrium modes fit for Vp (mean = 0.037, median = 0.036, and standard deviation =
0.114 km/s, N = 66). (e)–( j) Comparison of major minerals in calculated and observed modes for samples on which
point-count analyses were performed (N = 50).
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and Mooney [1995] found the average Vp aniso-
tropy for igneous rocks to be 1–2% (or 0.07–
0.14 km/s for Vp = 6.8 km/s). Of the 105 samples
in our compilation for which Vp was measured in
multiple orthogonal directions, the mean standard
deviation within each sample was ±0.16 km/s.
Thus, our approach for estimating Vp from bulk
composition is accurate within the precision of the
experimental data, and we conclude that Vp calcu-
lated in this manner will be representative of the
true seismic velocity of an equilibrium mineral
assemblage in the absence of residual porosity.
4. Relating Vp to Igneous Rock
Composition
[20] The P-wave velocities calculated from the
synthetic data are now used to develop a number
of tools to infer compositional information from
measurements of seismic velocity. Multiple linear
regression is used to construct a direct relationship
between Vp and major element oxide composition
over the full spectrum of igneous composition
space. The resulting relationship can be used to
predict Vp from bulk composition and further to
constrain mantle melting parameters (i.e., pressure
and melt fraction) in conjunction with seismic
observations [e.g., Kelemen and Holbrook, 1995;
Korenaga et al., 2002]. Finally, by inverting
directly for major element oxide chemistry as a
function of Vp, we address the fundamental prob-
lem facing all seismic inferences of crustal compo-
sition; namely, if only Vp is known, what is the full
range of compositions that are consistent with the
seismic observations?
4.1. Direct Relationship Between Vp
and Major Element Oxide Composition
[21] Kelemen and Holbrook [1995] used experi-
mental data to derive an empirical relationship
between Vp and major element oxide composition
for garnet-free igneous and meta-igneous rocks at a
reference state of 600 MPa and 400C,
Vp ¼ 7:854 0:024wt%SiO2 þ 0:029wt%MgO: ð3Þ
This function has an accuracy of ±0.19 km/s (1s)
and was not improved by adding additional oxides
to the regression. A significant source of error in
equation (3) is the difficulty in making seismic
velocity measurements on laboratory samples
discussed above. Further, the applicability of this
relationship is limited by the range of compositions
for which experimental data were available.
[22] Following a similar approach to Kelemen and
Holbrook [1995], we use the P-wave velocities
calculated from the synthetic data to construct a
linear relationship between Vp and composition
that is valid for all igneous compositions. Multiple
linear regression results in the following function
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Figure 6. Comparison of the average residual between the best-fit Vp and the laboratory data for confining
pressures ranging from 0.1 to 10 kbar. Error bars represent the standard deviation in the residuals for each pressure.
At confining pressures 4 kbar, the calculated and experimental velocities agree within error. However, for pressures
3 kbar, the best-fit Vp overpredicts the experimental data by >0.15 km/s.
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relating Vp to SiO2, MgO, and CaO for all Pref and
Tref conditions along a normal crustal geotherm in
the depth range from 5–50 km with Peq  12 kbar
(Figure 7),
Vp ¼ 6:90 0:011wt%SiO2 þ 0:037wt%MgO
þ 0:045wt%CaO: ð4Þ
This function has an accuracy of ±0.13 km/s (1s).
We choose to include only SiO2, MgO, and CaO in
the analysis as the addition of other oxides does not
significantly improve the fit, and regression with
only SiO2 and MgO is insufficient to explain the
variation in the Vp data (Table 3, R-4 and R-5).
Including equilibration pressures greater than
12 kbar significantly degrades the quality of the
regression (Peq  15 kbar, 1s = ±0.24 km/s; Peq 
20 kbar, 1s = ±0.33 km/s) due to the formation of
garnet at high pressure (Table 3, R-2 and R-3). The
resulting high garnet modes (often >25 wt%
garnet) are characterized by higher Vp than that
predicted from equation (4). Geologic examples of
rocks with high modal garnet (20–40%) are found
in the Kohistan accreted arc terrane, northern
Pakistan [Miller and Christensen, 1994] and in
mafic granulite xenoliths from the Chudleigh
volcanic province, north Queensland, Australia
[Rudnick and Jackson, 1995]. In addition to garnet,
high modal jadeite (Vp = 8.6 km/s) is also found at
high pressures dissolved in clinopyroxene solid
solution due to the albite-out reaction (Ab = Jd +
Qz). In summary, these high pressure assemblages
may cause equation (4) to significantly under-
estimate Vp in regions where crustal thickness
exceeds 35–40 km.
[23] To address this issue we derived separate
functions relating composition to Vp for high
pressure conditions (Peq = 12, 15, and 20 kbar).
The relationships have the form:
Vp ¼ a0 þ b1Mgþ c1Caþ d1Siþ d2Si2 þ d3Si3 þ d4Si4
þ d5Si5 þ d6Si6 þ e1Naþ e2Na2 þ e3Na3 þ e4Na4
þ f1SiNaþ f2Si2Naþ f3SiNa2 þ f4Si2Na2 ð5Þ
where Mg, Ca, Si and Na represent weight percent
MgO, CaO, SiO2, and Na2O, respectively. The
regression coefficients are listed in Table 4. These
relationships have 1s errors of 0.12, 0.24, and 0.20




















































































































Figure 7. (a) Results of multiple linear regression fit
of major element oxide composition to Vp calculated
from the synthetic data along a normal crustal geotherm
with Peq  12 kbar. Gray symbols represent synthetic
compositions containing >25 wt% garnet. The resulting
function is characterized by N = 30,710, r2 = 0.90, and
1s = ±0.13 km/s. The addition of other oxides, such as
Al2O3, FeO, Na2O, and K2O did not significantly
improve the fit (see Table 3). (b) Data density plot,
calculated by contouring the normalized number of
observations in 0.1 	 0.1 km/s bins. Note that the
garnet-bearing samples do not represent a signficant
fraction of the data space. (c) Comparison of laboratory
data with Vp calculated from equation (4) for 69
metasedimentary rocks. After eliminating two outliers
(open symbols) the residuals have a mean = 0.025 km/s
and a stardard deviation = 0.18 km/s.
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km/s for Peq = 12, 15, and 20 kbar, respectively.
The higher order terms are necessary to accurately
describe the formation of garnet and jadeite at high
pressure. Note that the regression coefficients are
highly sensitive to pressure, requiring separate
relationships be used for different values of Peq.
[24] We also tested the sensitivity of the regression
coefficients to the crustal geotherm by recalculat-
ing the regression with Peq  12 kbar using Vp data
corrected for Pref and Tref along both a cold and
warm geotherm (Table 3, R-6 and R-7). Calculat-
ing Vp for each synthetic bulk composition using
the regression functions derived for the cold and
warm geotherms results in average velocity differ-
ences of 0.08 and 0.08 km/s, respectively, from
the values calculated using equation (4). These
differences are consistent with the predicted varia-
tions in Vp calculated along each geotherm using
typical pressure (2 	 10–4 km s1 MPa1) and
temperature derivatives (4 	 104 km s1 C1)
from the literature [e.g., Christensen, 1979; Kern,
1982; Fountain and Christensen, 1989; Jackson,
1991; Christensen and Mooney, 1995].
[25] The relationship in equation (4) was derived
from the suite of synthetic compositions generated
to span igneous composition space. However, while
oceanic crust is igneous in origin, high-grade meta-
morphic assemblages may constitute a major com-
ponent of the middle and lower continental crust
[e.g., Rudnick and Fountain, 1995]. Therefore, to
insure that the derived relationship is not specific to
igneous compositions, it is desirable to test the
ability of equation (4) to reproduce P-wave veloc-
ities for metasedimentary rocks. Compiling labora-
tory data on 69 metasedimentary samples for which




KH95R-1 R-2 R-3 R-4 R-5 R-6 R-7
SiO2 0.011 0.014 0.016 0.93 0.017 0.010 0.012 0.024
Al2O3 – – – 0.97 – – – –
MgO 0.037 0.036 0.034 0.89 0.028 0.038 0.035 0.029
FeO* – – – 0.94 – – – –
CaO 0.045 0.042 0.038 0.85 – 0.045 0.045 –
Na2O – – – 0.69 – – – –
K2O – – – 1.12 – – – –
Constant 6.90 7.13 7.39 99.27 7.62 6.90 6.89 7.854
Peq
max (kbar) 12 15 20 12 12 12 12 N.A.
qs (mW m
2) 56 56 56 56 56 35 90 N.A.
1s 0.13 0.24 0.33 0.12 0.26 0.14 0.13 0.19
r2 0.90 0.74 0.59 0.91 0.62 0.89 0.90 0.89
a
Results are shown for Vp calculated from the synthetic bulk compositions at all Pref and Tref conditions in the depth range of 5–50 km along
a cold, normal, and warm crustal geotherm. Samples with Peq >Peq
max were eliminated from the regression. KH95 illustrates the empirical relation
derived by Keleman and Holbrook [1995] from laboratory data at a reference state of 600 MPa and 400C.
Table 4. Results of Multiple Linear Regression to
Relate Vp to Major Element Oxide Composition for
Peq = 12, 15, and 20 kbar
a
Peq= 12 kbar 15 kbar 20 kbar
a0 2.92e + 01 2.40e + 02 2.90e + 02
b1 1.54e  02 2.00e  02 1.67e  02
c1 2.28e  02 9.83e  03 1.35e  02
d1 2.66e + 00 2.87e + 01 3.43e + 01
d2 1.31e  01 1.39e + 00 1.65e + 00
d3 3.28e  03 3.45e  02 4.05e  02
d4 4.40e  05 4.62e  04 5.42e  04
d5 3.02e  07 3.21e  06 3.76e  06
d6 8.40e  10 9.05e  09 1.06e  08
e1 3.66e  01 2.48e + 00 2.71e + 00
e2 4.96e  02 1.71e  01 3.50e  01
e3 7.43e  03 6.20e  03 1.18e  02
e4 3.07e  04 5.35e  04 5.52e  04
f1 8.73e  03 7.86e  02 8.33e  02
f2 3.92e  05 5.83e  04 6.72e  04
f3 1.34e  03 4.39e  03 1.01e  02
f4 2.37e  05 2.82e  05 9.34e  05
1s 0.13 0.24 0.20
r2 0.92 0.85 0.90
a
Regression coefficients correspond to those shown in equation (5).
Results are given for Vp calculated from the synthetic bulk
compositions at all Pref and Tref conditions in the depth range of 5–
50 km along a normal crustal geotherm.
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both composition and velocity data are available
[Kern and Richter, 1981; Christensen and Szyman-
ski, 1988; Kern and Schenk, 1988; Christensen,
1989; Burke and Fountain, 1990; Fountain et al.,
1990; Kern and Tubia, 1993; Miller and Christen-
sen, 1994], we use equation (4) to predict Vp from
the reported major element oxides and compare the
predicted values to laboratory measurements at 6
kbar (Figure 7c). The resulting residuals were found
to have a mean value of 0.025 km/s and a standard
deviation of 0.18 km/s. We note that the standard
deviation is slightly higher than the 1s error bounds
for the regression in equation (4). However, this
discrepancy can be attributed to the high average
anisotropy in metasediments, for which the mean
standard deviation of orthogonal velocity measure-
ments on a single sample is ±0.28 km/s. Thus, it
appears that equation (4) can be used to predict Vp
from bulk composition for both igneous and meta-
sedimentary rocks.
4.2. Relating Vp to the Pressure
and Fraction of Melting
[26] Using the relationship derived in equation (4)
we now investigate the connection between mantle
melting systematics and the velocity structure of the
resultant igneous crust [e.g., Kelemen and Hol-
brook, 1995; Korenaga et al., 2002]. Compiling
high-quality data from anhydrous melting experi-
ments of mantle peridotites [Kinzler and Grove,
1992; Kinzler and Grove, 1993; Hirose and Kush-
iro, 1993; Baker and Stolper, 1994; Baker et al.,
1995; Kinzler, 1997; Walter, 1998], we follow the
approach of Kelemen and Holbrook [1995] to relate
Vp to the pressure and fraction of melting. Vp is
calculated for the experimental liquids using equa-
tion (4), and multiple linear regression results in the
following relationship valid for all Pref and Tref
conditions along a normal crustal geotherm in the
depth range from 5–50 km and Peq  12 kbar
(Figure 8),
Vp ¼ 7:03þ 0:14P þ 0:97F  0:006P2  0:17PF þ 0:29F2;
ð6Þ
where P is the pressure of melting in GPa and F is
the melt fraction. The regression has a standard
deviation of 0.06 km/s. However the true error
associated with equation (6) is higher, due to the











































Figure 8. (a) Relationship of Vp, calculated from
equation (4), to the pressure and fraction of melting for
experimental and calculated anhydrous liquids in
equilibrium with mantle lherzolite [Kinzler and Grove,
1992; Kinzler and Grove, 1993; Baker and Stolper,
1994; Baker et al., 1995; Walter, 1998]. Melting data of
Baker and Stolper [1994] and Baker et al. [1995] were
corrected after Hirschmann et al. [1998]. The resulting
regression function is given in equation (6) and is
characterized by N = 76, r2 = 0.90, and 1s = ±0.06 km/s.
Note that the mantle melts of Hirose and Kushiro [1993]
were not included in the regression (see text for
discussion). (b) Mantle melt data as a function of the
pressure and fraction of melting. Contours illustrate
predicted P-wave velocities calculated from equation (6).
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uncertainty in estimating Vp from the composition
of the mantle melts. The data of Hirose and
Kushiro [1993] and Kinzler [1997] were not
included in the regression. Hirose and Kushiro
[1993] calculated melt fraction from the Na2O
concentration in the melt, which has been shown to
overestimate the true melt fraction [e.g., Kogiso et
al., 1998]. Further, half of the Hirose and Kushiro
[1993] melting data are on pyroxenite, which may
not represent a typical mantle source composition.
We note that using likely values of mean P and F
for melting beneath mid-ocean ridges (i.e., P  1–
2 GPa and F  7–10%) in equation (6) gives Vp >
7.2 km/s, whereas seismic measurements of Vp in
average lower oceanic crust typically range from
6.9 to 7.0 km/s [Raitt, 1963; Shor et al., 1970;
Christensen and Salisbury, 1975; White et al.,
1992]. We will discuss this discrepancy in more
detail in Section 5.2.
4.3. Inverting Bulk Composition from
Measurements of Vp
[27] Previous workers have constrained the range
of bulk compositions that are consistent with a
particular seismic velocity by extrapolating labo-
ratory measurements on a wide range of rock types
to typical geologic conditions [e.g., Birch, 1958;
Pakiser and Robinson, 1966; Fountain and Chris-
tensen, 1989; Holbrook et al., 1992; Christensen
and Mooney, 1995; Rudnick and Fountain, 1995].
However, this approach does not predict formal
bounds on bulk composition and is limited by the
range of rock types for which laboratory data are
available. In contrast, we use the P-wave velocities
calculated from the synthetic data to directly assess
the range of igneous compositions that are consis-
tent with a particular seismic velocity, assuming
only a reference geotherm.
[28] For P-wave velocities ranging from 6.2–
7.6 km/s, we search the synthetic data space for
all bulk compositions that result in a Vp within
±0.1 km/s of the desired velocity at Pref and Tref
along a particular geotherm. A bin width of
0.2 km/s was chosen to represent the minimum
error in lower crustal P-wave velocity associated
with a well-constrained seismic experiment [e.g.,
Korenaga et al., 2000], although in reality the
error associated with many lower crustal velocity
measurements may be significantly higher due to
poor ray coverage in the lower crust and the
tradeoff between velocity and crustal thickness.
Because Vp is a function of Pref and Tref it is
necessary to assess the bulk compositions consis-
tent with each velocity at specific depth intervals
along a geotherm. Tables A.1, A.2, and A.3 give
the mean and standard deviation in weight percent
of the major element oxides for each velocity bin
along a normal, cold, and warm crustal geotherm,
respectively. In general, the skewness in the major
element oxide distributions is small and thus the
standard deviation is a good approximation for the
67% confidence bounds. However, because our
synthetic composition space is not weighted by
the frequency of naturally occurring bulk compo-
sitions, it is important to remember that the values
in Tables A.1–A.3 represent compositional
bounds only, and the mean values do not neces-
sarily reflect the average bulk composition asso-
ciated with a specific velocity in the lower crust.
[29] The first observation that can be made from
Tables A.1–A.3 is that the range of bulk compo-
sitions consistent with a given Vp is quite large.
This implies that without additional information, P-
wave measurements alone will seldom be sufficient
to distinguish between competing models for mid-
dle and lower crustal composition. However, while
this observation may be discouraging for those
hoping to infer compositional information from
seismic data, the results compiled in Tables A.1–
A.3 indicate that Vp can be used to place some
useful constraints on bulk composition. For exam-
ple, Figure 9 illustrates the variations in major
element oxide composition as a function of Vp at
a depth of 30 km along a typical crustal geotherm.
With the exception of FeO, all the major element
oxides vary as a function of Vp. The transition from
low-velocity, felsic compositions to high-velocity,
mafic compositions is clearly seen in the negative
correlation of Vp to mean SiO2 content and the
positve correlation of Vp to mean MgO and CaO
content. Moreover, the variability in MgO and CaO
content increases steadily with increasing Vp, due
to the trade-off in MgO and CaO content in many
high-velocity mineral phases (e.g., clinopyroxene
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and orthopyroxene have similar P-wave velocities
but vary in their MgO and CaO content, as do
olivine and garnet).
[30] Another important change in major element
chemistry occurs at low velocities (6.3 < Vp < 6.6
km/s), where mean SiO2 and K2O content decrease
and Al2O3 and Na2O content increase with higher
velocity. These variations are associated with the
transition from granite- to diorite-dominated lith-
ologies, in which quartz (Vp 
 6.0 km/s) and alkali
feldspar (Or54, Vp 
 5.9 km/s) are replaced by
plagioclase (An53, Vp 
 6.6 km/s) (see Figure 10).
The abruptness of these compositional changes is
significant because it indicates that for velocities
between 6.3 and 6.6 km/s, seismic observations








































































Figure 9. Composition bounds for major element oxides as a function of Vp for a depth of 30 km along a normal
crustal geotherm. Mean oxide values are denoted by solid diamonds and grey fields represent 1s variation around the
mean. Dotted lines illustrate 67% confidence intervals. Values are taken from Table A.1.
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[31] As discussed earlier the formation of garnet
and jadeite at high pressure significantly compli-
cates the relationship between Vp and bulk compo-
sition. To assess the importance of these two phases
on the inversion of bulk composition from Vp, we
calculated the mean and standard deviation of the
major element oxides in each velocity bin along a
normal crustal goetherm for Peq < 12 kbar and
Peq  12 kbar (Tables A.4 and A.5, respectively).
The enhanced stability of garnet and jadeite at high
pressure causes the inversion with Peq  12 kbar to
predict more siliceous compositions for a given Vp
than does the inversion with Peq < 12 kbar. For
example, for Vp = 7.4 km/s at z = 40 km, the high
pressure inversion yields a mean SiO2 content of
51.7 wt% while the mean SiO2 content calculated
from the low pressure inversion is 46.0 wt%.
Moreover, because garnet and jadeite tend not to
form at low pressure, the standard deviations in the
major element oxide distributions are also reduced
for the inversion with Peq < 12 kbar. Thus, in
circumstances in which additional constraints can
be placed on the pressure of equilibration, it may be
possible to further tighten the compositional
bounds corresponding to a particular Vp.
5. Discussion
[32] Applying the relationships developed in the
previous section to seismic data from a number of
tectonic regimes, we now discuss the implications
for the composition of the middle and lower con-
tinental and oceanic crust.
5.1. Middle and Lower Continental Crust
[33] Figure 11 illustrates average crustal velocity
sections for a number of continental environments,
including Precambrian shields and platforms, oro-
genic belts, active rifts, continental and island arcs,
and rifted margins. These type sections are based
on the compilation of Rudnick and Fountain
[1995] and are supplemented with several recent
studies from arcs [Suyehiro et al., 1996; Morozov
et al., 1998; Fliedner and Klemperer, 1999; Hol-
















































Figure 10. Mean weight percent of major (a) felsic and (b) mafic mineral phases as a function of Vp for a depth of
30 km along a normal crustal geotherm.
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brook et al., 1999; Fliedner and Klemperer, 2000],
and rifted margins [Korenaga et al., 2000; Hol-
brook et al., 2001]. Also shown for comparison is
the average crustal velocity model of Christensen
and Mooney [1995], which represents a global
average of all continental environments. In general,
velocities in the midcrust (15–30 km) average
6.4 km/s, while lower crustal (35 km) velocities
range from 6.8 to 7.1 km/s. Using these models we
now calculate constraints on the composition space
of the middle and lower continental crust and
compare these bounds to previous estimates of
crustal composition.
[34] The average bulk composition of the middle
and lower continental crust has been estimated
using a variety of techniques, including the chem-
ical composition of exposed granulite terranes
[Shaw et al., 1986; Rudnick and Presper, 1990],
xenoliths from volcanic and kimberlite eruptions
[Dupuy et al., 1979; Kay and Kay, 1981; Rudnick
and Presper, 1990], heat flow [Taylor and
McLennan, 1985; McLennan and Taylor, 1996]
and seismic data [Smithson, 1978; Christensen
and Mooney, 1995; Rudnick and Fountain, 1995;
Wedepohl, 1995; Gao et al., 1998]. Several of these
estimates are listed in Table 5, along with corre-
sponding Vp values calculated from the major
element oxides using equation (4). The calculated
velocities range from 6.6–7.1 km/s and are in good
agreement with the observed velocities for the
middle and lower continental crust (Figure 11).
[35] Using the average crustal velocity model of
Christensen and Mooney [1995] we calculated
compositional bounds for each major element
oxide as a function of depth (Table 6), following
a procedure similar to that used to generate Tables
A.1–A.3. A normal geotherm is assumed and the
synthetic composition space is searched at each
depth interval in a Vp bin defined by the Christen-
sen and Mooney [1995] model. The resulting
composition space for the middle and lower con-
tinental crust is large, and most of the composi-
tional estimates in Table 5 fall well within the
permissible limits. This is important because recent
studies by Christensen and Mooney [1995] and
Rudnick and Fountain [1995] suggest that only a
basaltic lower crustal composition (e.g., RP90x in
Table 5) is consistent with the ‘‘high’’ lower crustal
Vp in the Christensen and Mooney [1995] average
crustal velocity model. However, the results of this
analysis show that a more felsic composition is not
excluded based on P-wave velocities alone.
[36] Although the compositional bounds associated
with a specific Vp are large, there is significant













































Figure 11. Typical crustal velocity sections for a number of continental environments based on the compilation of
Rudnick and Fountain [1995] and supplemented with several recent studies from arcs [Suyehiro et al., 1996;Morozov
et al., 1998; Fliedner and Klemperer, 1999; Holbrook et al., 1999; Fliedner and Klemperer, 2000] and rifted margins
[Korenaga et al., 2000; Holbrook et al., 2001]. Variability represents the standard deviation of values from all
studies in each environment and is similar to the uncertainty in Vp estimates for the lower crust in each study. Also
shown is the average crustal velocity model of Christensen and Mooney [1995].
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covariation within the major element oxides. Thus,
in situations where compositional as well as seis-
mic constraints can be placed on the synthetic data
space, the range of permissible bulk compositions
can be reduced. To illustrate this point, we take the
average Vp between 20 and 40 km from the
Christensen and Mooney [1995] model and calcu-
late three cases in which SiO2 content is limited to
be greater than 60% (HiSiO2), between 50% and
60% (MidSiO2), and less than 50% (LowSiO2). The
resulting compositional bounds are given at the
bottom of Table 6 and frequency distributions of
the major element oxides for the HiSiO2 and Low-
SiO2 cases are shown in Figure 12. In addition to
SiO2, significant differences are observed in the
compositional bounds for both Al2O3 and Na2O
between the three examples. The HiSiO2 composi-
tion is a high Mg-number andesite to dacite com-
Table 5. Compositional Estimates for the Middle and Lower Continental, Arc, and Rifted Margin Crusta
Middle and Lower Continental Arc Volcanic Margin
D79 WT84 TM85 S86 RP90at RP90x W95 RF95m RF95l B83 DS91 B94
SiO2 56.3 61.2 54.4 61.5 63.3 50.5 60.0 60.6 52.3 45.7 43.8 48.5
TiO2 1.1 0.5 1.0 0.8 0.6 1.0 0.8 0.7 0.8 0.9 0.7 0.6
Al2O3 17.1 15.6 16.1 14.9 14.6 16.5 15.3 15.5 16.6 19.3 18.7 15.9
FeO 7.9 5.3 10.6 7.2 5.6 9.0 7.0 6.4 8.4 11.5 10.2 5.1
MnO 0.1 0.1 – 0.1 0.1 0.2 0.1 0.1 0.1 0.2 0.2 0.1
MgO 5.0 3.4 6.3 4.1 3.5 7.7 4.6 3.4 7.1 7.7 10.6 12.5
CaO 5.5 5.6 8.5 5.2 5.1 9.8 6.1 5.1 9.4 12.9 14.0 16.6
Na2O 2.1 4.4 2.8 3.1 3.4 2.4 3.0 3.2 2.6 1.7 1.7 0.5
K2O 1.4 1.0 0.3 1.6 2.2 0.8 1.8 2.0 0.6 0.1 0.1 0.1
P2O5 0.2 0.2 – 0.1 0.2 0.2 0.2 0.1 0.1 7.2 0.1 –
Vp(km/s) 6.7 6.6 6.9 6.6 6.6 7.1 6.8 6.6 7.0 7.3 7.4 7.6
r (g/cm3) 2.96 2.79 3.09 2.89 2.81 3.10 2.89 2.86 3.06 3.39 3.40 3.21
a
Vp is calculated from the major element oxides using equation (4) (valid for Pref and Tref conditions along a normal crustal geotherm in the depth
range 5–50 km and Peq  12 kbar). Densities are estimated from equilibrium mineral assemblages calculated at Pref = 10 kbar and Tref = 800C.
Note that the volcanic margin composition, B94, is an estimated cumulate gabbro composition. Abbreviations are D79 [Dupuy et al., 1979], WT84
[Weaver and Tarney, 1984], TM85 [Taylor and McLennan, 1985], S86 [Shaw et al., 1986], RP90at (Archean terranes [Rudnick and Presper, 1990]),
RP90x (Xenoliths [Rudnick and Presper, 1990]), W95 [Wedepohl, 1995], RF95m (middle crust [Rudnick and Fountain, 1995]), RF95l (lower crust
[Rudnick and Fountain, 1995]), B83 [Burns, 1983], DS91 [DeBari and Sleep, 1991], and B94 [Bernstein, 1994].
Table 6. Compositional Bounds for Major Element Oxides Calculated as a Function of Depth From the Average




























10 6.21 ± 0.27 61.4–79.6 3.8–19.4 0.9–5.7 2.2–14.4 1.1–4.5 1.2–5.4 1.6–3.9 2.77–2.96
15 6.31 ± 0.27 57.5–78.3 3.9–22.9 1.3–6.5 2.2–14.9 1.2–5.9 1.3–5.7 1.4–3.8 2.79–2.98
20 6.47 ± 0.28 48.3–73.8 5.7–25.6 1.5–8.8 2.7–14.9 1.4–7.3 1.6–6.4 0.9–3.4 2.83–3.01
25 6.64 ± 0.29 46.2–68.1 7.6–26.3 2.4–11.2 2.7–14.9 1.6–8.8 1.4–6.3 0.6–3.0 2.87–3.04
30 6.78 ± 0.30 44.3–65.9 9.3–27.0 3.0–12.9 2.6–13.8 1.9–10.0 1.4–6.2 0.5–2.7 2.90–3.06
35 6.93 ± 0.32 43.0–63.7 9.5–27.6 3.8–15.2 2.6–13.8 2.0–11.2 1.3–6.2 0.5–2.5 2.93–3.10
40 7.02 ± 0.32 43.0–63.0 9.6–27.6 4.3–15.8 2.5–13.3 2.3–11.8 1.3–5.9 0.4–2.2 2.95–3.12
45 7.09 ± 0.35 42.3–62.1 9.7–27.0 4.6–17.0 2.4–13.2 2.5–12.2 1.3–5.9 0.4–2.2 2.96–3.13
50 7.14 ± 0.38 42.3–61.9 9.7–26.6 4.6–17.3 2.4–13.1 2.5–12.9 1.3–5.7 0.4–2.1 2.97–3.14
Ave., 20–40 km 6.77 ± 0.30 45.7–68.7 7.6–26.4 2.4–10.8 2.7–14.9 1.5–8.70 1.4–6.4 0.6–3.0 2.86–3.03
HiSiO2 6.77 ± 0.30 61.8–69.8 6.1–15.3 3.4–12.7 1.8–12.2 2.0–9.9 0.8–3.1 0.6–2.9 2.89–3.04
MidSiO2 6.77 ± 0.30 52.1–58.5 13.1–22.5 2.4–13.1 3.0–13.3 2.3–10.2 2.7–5.1 0.7–2.9 2.89–3.04
LowSiO2 6.77 ± 0.30 37.8–48.2 22.6–32.2 2.4–12.9 4.1–16.4 1.4–8.6 5.1–7.7 0.4–2.1 2.93–3.09
a
Also given are the compositional bounds for the average crustal velocity in the depth range from 20–40 km. HiSiO2, MidSiO2, and LowSiO2
represent the composition spaces defined by average crustal velocity when simultaneously constraining SiO2 to be greater than 60%, between 50%
and 60%, and less than 50%, respectively.
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position such as is common in calc-alkaline arc
lavas and compositionally similar intermediate
plutonic rocks characteristic of batholiths. The
MidSiO2 example is very similar to the composi-
tion predicted for the average Vp with no SiO2
constraint. Finally, the LowSiO2 composition,
while somewhat similar to middle and lower crus-
tal compositions observed in island arc sections
(B83, DS91 in Table 5) and anorthositic lower
crustal xenoliths [e.g., Rudnick and Jackson,
1995], is an unlikely natural composition due to
its extremely high Al2O3 content and low CaO
content.
[37] To further illustrate how the covariation in
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Figure 12. Frequency distributions of the major element oxides for examples HiSiO2 and LowSiO2. Distributions
are calculated from the synthetic data by simultaneously constraining Vp and SiO2 content. In both cases, Vp is
constrained using the average crustal velocity between 20 and 40 km from Christensen and Mooney [1995], while
SiO2 content is limited to be >60% for HiSiO2 and <50% for LowSiO2.
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guish between estimates for the composition of
the middle and lower crust, we calculate bounds
on Al2O3, Na2O, and molar Mg# while jointly
constraining SiO2 and Vp (Figure 13). Specifically,
we find that estimates of a dacitic composition for
the middle and lower continental crust (e.g.,
WT84, S86, RP90at, W95) are consistent with
crustal P-wave velocities of 6.8 km/s, but incon-
sistent with a Vp of 7.1 km/s or more. In contrast,
basaltic compositions (e.g., RP90x, RP95) are
consistent with Vp of 7.1 km/s, but not for a Vp
of 6.8 km/s or less.
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Figure 13. Compositional bounds on (a) Al2O3, (b) Na2O, and (c) molar Mg# (molar Mg/(Mg + Fe)) as a function
of SiO2 when simultaneously constraining Vp to be 6.8 km/s. Vp bins of ±0.1 km/s (dotted), ±0.2 km/s (dashed), and
±0.3 km/s (solid) are shown. SiO2 bin size is ±2.5 wt%. (d)–(f) Compositional bounds when constraining Vp to be
7.1 km/s. Symbols denote previous estimates of bulk continental crust (open red circles), upper continental crust (red
squares), lower continental crust (blue squares), N-MORB (grey square), and primary melts of mantle peridotite
(black dots). Note that the difference between the compositional bounds for Vp = 6.8 km/s and Vp = 7.1 km/s are
sufficient to distinguish between end-member compositional estimates for the lower continental crust.
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[38] Seismic inferences of composition can also
provide meaningful results when seismic data are
used to evaluate compositional variations between
individual locations or differences relative to a
specific reference model. For example, middle
and lower crustal velocities along the western
North Atlantic margin are observed to vary from
6.7 km/s near the Grand Banks, Newfoundland
[Reid, 1994] to 7.5 km/s offshore of Virginia
[Holbrook et al., 1994]. These variations have been
interpreted to reflect spatial variations in the com-
position of the middle and lower margin crust and
the evolution of the continental margin. To the
north, the middle and lower crust is assumed to
consist primarily of remnant continental material of
granitic composition [e.g., Tucholke et al., 1989].
In contrast, the higher velocities observed along the
mid-Atlantic margin are typically associated with
basaltic and gabbroic compositions formed by syn-
rift volcanism and igneous ‘‘underplating’’ [e.g.,
LASE Study Group, 1986; Tre´hu et al., 1989;
Holbrook and Kelemen, 1993].
[39] Using the compositional bounds in Table A.1
we assess the differences in composition associated
with a change in Vp from 6.7 to 7.5 km/s at a depth
of 20 km. Although the 1s bounds are sufficiently
wide that the compositional range for each major
element oxide cannot be formally distinguished,
the calculated composition spaces are quite differ-
ent. For example, the range in SiO2 content calcu-
lated for Vp = 6.7 km/s is 57 ± 10%, while for Vp =
7.5 km/s the range is 47 ± 7%. Similiarly, the range
in MgO content is found to be 6 ± 4% for Vp =
6.7 km/s and 15 ± 8% for Vp = 7.5 km/s. Compar-
ing these compositional bounds to the estimates of
middle and lower crustal composition presented in
Table 5, we see that a Vp of 7.5 km/s is inconsistent
with most estimates for the middle and lower
continental crust (except RP90x and RF95) and is
most consistent with a cumulate gabbro composi-
tion (B94). In contrast, the calculated MgO, CaO,
and Na2O content for Vp = 6.7 km/s are not
consistent with a cumulate gabbro and resemble
more felsic compositions.
5.2. Lower Oceanic Crust
[40] We now examine the implications of this
study for the lower oceanic crust. The classic
model for the composition of oceanic crust is
based on the joint interpretation of ophiolite
sequences and seismic observations at modern
oceanic spreading centers. In this model the lower
oceanic crust is composed of a 4–5.5 km thick
section of massive and cumulate gabbros. This
section, often referred to in seismic studies as
oceanic layer 3, is characterized by a low velocity
gradient with depth and an average Vp of 6.9–
7.0 km/s [Raitt, 1963; Shor et al., 1970; Chris-
Table 7. Compositional Estimates for the Lower Oceanic Crust From Gabbros in Exposed Ophiolite Sequences,
Drill Cores, and Dredged Samplesa
Ophiolite Drill Core Dredge
B82 P84 KGunpub MARK Hess 735B H85
SiO2 52.0 51.1 48.4 49.5 50.2 50.6 50.2
TiO2 0.6 0.6 0.3 0.7 0.7 0.9 0.3
Al2O3 13.5 16.6 18.4 17.8 15.2 16.1 16.2
FeO 7.2 7.2 5.2 6.3 9.1 7.3 5.7
MnO 0.1 0.1 0.1 0.1 0.2 0.1 0.1
MgO 13.5 9.2 10.3 9.8 9.2 9.2 10.0
CaO 10.9 12.8 15.8 12.3 12.1 12.5 14.0
Na2O 2.2 2.3 1.4 2.5 2.3 2.8 1.7
K2O 0.1 0.1 0.0 0.0 0.1 0.1 0.1
P2O5 0.0 0.1 0.0 0.1 0.1 0.1 0.0
Vp(km/s) (equation (4)) 7.3 7.2 7.5 7.3 7.2 7.2 7.3
Vp(km/s) (Warm) 7.2 7.2 7.4 7.2 7.2 7.2 7.3
a
Vp is calculated from the major element oxides using equation (4) and the regression coefficients derived for a warm geotherm (Table 3).
Abbreviations are B82 [Browning, 1982], P84 [Pallister, 1984], KGunpub (Kelemen and Garrido, unpublished data from Wadi Tayin massif, Oman
ophiolite), MARK (ODP Leg 153 [Casey, 1997]), Hess (ODP Leg 147 [Pederson et al., 1996; Miller et al., 1996], plus 3 dredge samples from
Hekinian et al. [1993]), 735B (ODP Leg 176 [Dick et al., 2000]), and H85 [Hyndman, 1985].
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tensen and Salisbury, 1975; White et al., 1992].
Deviations from this mean value, specifically, the
observation of relatively high Vp lower crust in
thick igneous crust along ‘‘volcanic rifted mar-
gins’’, have typically been interpreted to reflect
anomalous crustal compositions formed in the
presence of elevated mantle temperatures [e.g.,
White and McKenzie, 1989; Kelemen and Hol-
brook, 1995]. Using the melting model of McKen-
zie and Bickle [1988], White and McKenzie
[1989] found that if normal oceanic crust is
assumed to form from a mantle potential temper-
ature of 1280C, then a potential temperature of
1580C is required to generate crust with veloc-
ities of 7.2 km/s. This result has subsequently
been used to infer that the thick sections of high-
velocity lower crust (Vp  7.2 km/s) observed at a
number of volcanic rifted margins and oceanic
plateaus must have formed in the presence of a
hot mantle plume [e.g. White and McKenzie,
1989; Kelemen and Holbrook, 1995; Holbrook
et al., 2001].
Figure 14. Laboratory measurements of Vp as a function of confining pressure in gabbros taken from ODP Leg 147,
Hess Deep (circles) [Iturrino et al., 1996], ODP Leg 153, MARK Area (squares) [Miller and Christensen, 1997], and
ophiolite exposures in the western United States (diamonds) [Christensen, 1978]. All measurements were made at
room temperature. Thick solid line illustrates a typical pressure derivative for mafic rocks due to the effect of pressure
on the elastic moduli of major mineral phases [Rudnick and Fountain, 1995]. Note that at confining pressures
appropriate for the oceanic crust (grey region) the change in Vp with pressure is significantly greater than that
predicted from the mineral compressibilities alone.
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[41] Estimates for the average bulk composition
of the lower oceanic crust have been made from
gabbros in dredged samples [Hyndman, 1985;
Hekinian et al., 1993], drill cores [Pederson et
al., 1996; Casey, 1997; Dick et al., 2000], and
exposed ophiolite sequences [Browning, 1982;
Pallister, 1984] (Table 7). Based on these esti-
mates we calculate predicted velocities of 7.2–
7.4 km/s for the lower oceanic crust. As noted by
Korenaga et al. [2002], who used a similar
procedure, our calculated velocities are signifi-
cantly higher than the average observed value
for oceanic layer 3 and very similar to lower
crustal Vp in volcanic rifted margins. Because
most seismic velocity measurements in oceanic
crust are made at or near the ridge crest, the
regression coefficients derived for the warm geo-
therm (Table 3) were used to simulate thermal
conditions in 5–10 Ma oceanic lithosphere [Stein
and Stein, 1992]. Had the coefficients for the
normal geotherm in equation (4) been used, the
predicted velocities would be even higher, by
0.1 km/s (Table 7).
[42] These results are significant because they
indicate that in situ measurements of Vp at oceanic
spreading centers are 0.2–0.3 km/s slow compared
to the velocities predicted for gabbro. Korenaga et
al. [2002] suggested two possible explanations for
the slow velocities in oceanic layer 3: (1) alteration
associated with hydrothermal circulation and (2)
residual crack porosity. Assuming that the effect of
hydrothermal alteration can be approximated by
replacement of clinopyroxene with hornblende,
Korenaga et al. [2002] calculated that even 100%
alteration is unable to reduce Vp to 6.9 km/s in
typical oceanic gabbros. Furthermore, studies of
oceanic lower crustal gabbro from dredging, ocean
drilling, and ophiolites show that hydrothermal
alteration is localized in cracks and veins, and that
hydrous minerals compose less than 5% of the
rocks, on average, and less than 10% of the olivine
plus clinopyroxene [e.g., Gregory and Taylor,
1981; Robinson et al., 1989; Dick et al., 2000].
Thus, they favored a model in which the slow
velocities in the lower crust are the result of
residual porosity. Specifically, Korenaga et al.
[2002] noted that if the aspect ratio of pores is
low (i.e., crack-shaped), porosities <1% can reduce
Vp to 6.9 km/s. These estimates of bulk porosity are
in agreement with measurements from ODP Hole
735B [Iturrino et al., 1991] and the Continental
Deep Drilling Project (KTB) [Huenges et al.,
1997], which show porosities of 0.5–1% down to
depths approaching 4 km.
[43] Experimental data for Vp in gabbros also
support the hypothesis that residual porosity may
be the cause of the apparently low velocities in
oceanic layer 3 compared to calculated velocities
for likely lower crustal gabbro compositions. Fig-
ure 14 illustrates Vp versus pressure in gabbro
samples taken from ODP drill cores at Hess Deep
[Iturrino et al., 1996] and the MARK Area [Miller
and Christensen, 1997] and ophiolites in the west-
ern United States [Christensen, 1978]. For pres-
sures greater than 2 kbar, the change in Vp with
pressure follows closely the predicted value based
on the compressibilities of typical mafic minerals.
However, from 0–2 kbar the change in Vp with
pressure is significantly greater, suggesting that the
complete closure of cracks is not achieved at the
ambient pressures present in the lower oceanic
crust. This conclusion is consistent with earlier
experimental studies by Kern and Richter [1981]
and Kern and Schenk [1985, 1988] and also with
the comparison of the best-fit Vp to the laboratory
data presented in Figure 6.
[44] A final explanation for the discrepancy
between the measured layer 3 velocities and those
calculated for likely lower crustal gabbro compo-
sitions is that the lower crust might be composed of
partially serpentinized mantle peridotites. This
model for the lower oceanic crust was originally
proposed by Hess [1962, 1965] and Dietz [1963].
A recent study by Carlson and Miller [1997] found
that the observed S-wave velocities in the lower
crust are more compatible with gabbroic composi-
tions than partially serpentinized peridotites. How-
ever, serpentinized peridotites are commonly found
in slow-spreading environments. Serpentinite
layers, or serpentinized olivine in gabbros, even
in small quantities can strongly affect Vp [Carlson,
2001]. Thus, serpentinization of peridotite and/or
serpentinization of olivine in gabbro may be at
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least partially responsible for the slow observed
velocities in the lower oceanic crust.
[45] The observation that the lower oceanic crust is
slow relative to the velocity predicted for the bulk
composition of gabbro has several important impli-
cations. First, it suggests that some observed
velocity gradients in layer 3 are associated with
changes in pressure and not with a transition
toward more mafic cumulate compositions [e.g.,
Salisbury and Christensen, 1984; Christensen and
Smewing, 1981]. Second, as previously noted by
Korenaga et al. [2002], if normal oceanic gabbros
have velocities of 7.2–7.3 km/s, then the sections
of thick ‘‘high’’ velocity igneous lower crust at
many volcanic margins and oceanic plateaus may
not reflect anomalous lower crustal composition.
Rather, it may be that the increase in ambient
pressure at the base of the thickened crust at these
margins is sufficient to close all cracks. This would
imply that elevated mantle temperatures are not
required for the formation of these thick igneous
sequences, and that alternative models in which
large amounts of melt are fluxed through the
solidus in the absence of a thermal anomaly [e.g.,
Mutter et al., 1988] must be revisited.
6. Conclusions
[46] In this study we have presented a method to
quantitatively assess the relationship between the
composition and P-wave velocity of anhydrous
igneous and meta-igneous rocks. Using seismic
velocities calculated from equilibrium mineral
assemblages for all igneous composition space,
we derived a linear function relating Vp to major
element chemistry that is valid to ±0.13 km/s for
all pressure and temperature conditions along a
normal crustal geotherm in the depth range of 5–
50 km and Peq  12 kbar. We note that the
equilibration calculations performed in this study
ignore the presence of both Fe3+ and H2O and
future work is needed to assess the influence of
these variables on the relationship between Vp and
composition.
[47] The calculated mineral assemblages were also
used to address the inverse problem, namely what
is the full range of igneous compositions that are
consistent with a particular P-wave velocity. The
resulting compositional bounds for a specific
velocity were found to be broad. However, because
major oxides are correlated in igneous rocks, joint
constraints on Vp and individual oxides can narrow
the possible range of acceptable crustal composi-
tions. For example, in the case of the middle and
lower continental crust, dacitic compositions are
found to be more consistent with velocities
6.8 km/s, while basaltic compositions are more
consistent with velocities 7.1 km/s. In the mid-
crust, observed velocities support a dacitic compo-
sition. However, most estimates of lower crustal Vp
range from 6.8 km/s to 7.1 km/s making it very
difficult to distinguish between these two compo-
sitions. In summary, we conclude that while com-
position can be used to provide a robust estimate of
Vp, P-wave velocities alone provide only broad
constraints on bulk crustal composition. Future
work is necessary to determine whether a joint
inversion of Vp and Vs can significantly narrow
these compositional constraints.
[48] Finally, based on the forward relationship
between Vp and major element chemistry derived
in this study, we find the observed velocities in
the lower oceanic crust to be 0.2–0.3 km/s
slower than the velocities predicted based on
the average bulk composition of gabbros in drill
cores and exposed ophiolite sequences. We
hypothesize that this discrepancy is caused by a
combination of residual porosity at crustal depths
less than 10 km and the presence of hydrous
alteration phases, including partial serpentiniza-
tion of peridotite and olivine gabbro in the lower
crust. If correct, this implies that future studies
should use caution when inferring mantle melting
parameters from lower crustal velocities at depths
shallower than 10 km.
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Table A.1. Mean and Standard Deviation of Major Element Oxides as a Function of Vp for a Normal Continental
Geotherm (qs = 56 mW m
2)a
Depth (km) 5 10 15 20 25 30 35 40 45 50
T (C) 91 155 211 263 311 359 405 451 496 541
P (kbar) 1.6 3.2 4.9 6.5 8.1 9.7 11.3 12.9 14.6 16.2
Vp = 6.2 km/s
Mean
SiO2 75.9 76.3 76.3 76.7 77.0 77.5 77.3 75.9 76.6 77.0
Al2O3 7.5 7.1 7.1 6.9 6.7 6.0 6.3 7.4 7.1 6.9
MgO 2.2 2.1 2.1 2.1 2.1 1.9 1.5 1.2 1.0 0.9
FeO 7.2 7.3 7.3 7.4 7.4 7.8 7.9 9.4 9.3 9.1
CaO 2.0 2.0 2.0 1.9 1.9 1.9 1.9 1.4 1.5 1.5
Na2O 2.3 2.2 2.2 2.2 2.1 2.0 2.1 2.2 2.1 2.1
K2O 2.9 2.9 2.9 2.9 2.9 2.9 3.0 2.4 2.4 2.4
Std. Dev.
SiO2 6.3 6.5 6.5 6.2 6.2 5.9 6.4 6.6 7.7 7.7
Al2O3 5.3 5.3 5.3 5.1 5.0 4.6 4.9 5.4 5.6 5.6
MgO 1.1 1.1 1.1 1.1 1.1 1.0 0.9 0.8 0.5 0.5
FeO 5.5 5.5 5.5 5.6 5.5 5.8 6.3 6.9 7.2 6.9
CaO 1.1 1.1 1.1 1.1 1.1 1.1 1.2 0.8 0.8 0.8
Na2O 1.4 1.4 1.4 1.4 1.4 1.3 1.3 1.5 1.6 1.6
K2O 1.3 1.3 1.3 1.3 1.3 1.4 1.5 1.1 1.0 1.0
N 150 147 146 141 135 107 74 47 34 32
Vp = 6.3 km/s
Mean
SiO2 73.5 73.7 73.5 73.8 73.9 73.9 74.1 74.4 75.3 75.4
Al2O3 8.7 8.8 8.7 8.4 8.4 8.6 8.5 8.5 8.0 7.9
MgO 3.0 3.0 2.9 2.9 2.8 2.6 2.4 2.0 2.1 2.0
FeO 6.8 6.6 7.0 7.2 7.1 7.0 7.3 7.7 7.3 7.3
CaO 2.6 2.5 2.5 2.3 2.3 2.3 2.2 2.1 2.0 1.9
Na2O 2.5 2.5 2.5 2.5 2.5 2.6 2.6 2.5 2.5 2.5
K2O 2.9 2.9 2.9 2.9 3.0 3.0 2.9 2.8 2.9 3.0
Std. Dev
SiO2 8.1 8.1 8.2 8.0 8.0 8.0 7.8 8.1 8.2 8.3
Al2O3 7.0 7.1 7.1 7.0 7.1 7.1 6.5 6.6 6.7 6.8
MgO 2.0 2.0 1.9 1.9 1.8 1.7 1.6 1.2 1.1 1.1
FeO 5.2 5.2 5.7 5.8 5.8 5.7 5.8 5.7 5.5 5.6
CaO 1.6 1.6 1.6 1.4 1.4 1.3 1.3 1.2 1.1 1.1
Na2O 1.8 1.8 1.8 1.8 1.8 1.7 1.7 1.7 1.8 1.8
K2O 1.3 1.3 1.3 1.4 1.4 1.4 1.4 1.4 1.3 1.3
N 268 264 264 238 225 207 187 167 157 151
Vp = 6.4 km/s
Mean
SiO2 67.5 67.4 67.4 67.7 68.2 69.4 70.4 71.6 72.3 72.7
Al2O3 12.6 12.9 13.0 12.9 12.6 11.7 11.0 10.2 9.7 9.4
MgO 3.8 3.7 3.6 3.6 3.5 3.3 3.2 3.2 3.0 3.0
FeO 7.1 6.9 6.9 6.8 6.8 6.9 7.1 6.7 6.9 6.8
CaO 3.2 3.2 3.1 3.0 2.9 2.7 2.6 2.6 2.5 2.5
Na2O 3.3 3.3 3.4 3.4 3.4 3.2 3.0 2.9 2.7 2.7
K2O 2.6 2.6 2.6 2.7 2.7 2.7 2.7 2.9 2.9 2.9
Std. Dev.
SiO2 9.6 9.7 9.8 9.7 9.5 9.6 9.6 9.6 9.2 9.2
Al2O3 8.6 8.5 8.6 8.6 8.4 8.3 8.2 8.1 8.0 7.8
MgO 2.6 2.5 2.5 2.5 2.3 2.1 2.0 2.0 2.0 1.9
FeO 5.2 5.2 5.1 5.2 5.3 5.1 5.1 5.0 5.1 5.2
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Depth (km) 5 10 15 20 25 30 35 40 45 50
T (C) 91 155 211 263 311 359 405 451 496 541
P (kbar) 1.6 3.2 4.9 6.5 8.1 9.7 11.3 12.9 14.6 16.2
CaO 2.0 2.0 1.9 1.8 1.8 1.7 1.6 1.6 1.6 1.6
Na2O 2.2 2.2 2.2 2.2 2.2 2.2 2.1 2.1 2.0 2.0
K2O 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.3 1.3 1.3
N 290 286 278 269 257 265 291 302 297 274
Vp = 6.5 km/s
Mean
SiO2 60.9 61.4 61.7 62.3 62.9 63.7 64.6 65.4 65.6 65.7
Al2O3 16.6 16.3 16.2 15.9 15.5 14.9 14.3 13.8 13.6 13.7
MgO 4.5 4.5 4.4 4.2 4.2 4.2 4.3 4.2 4.1 3.9
FeO 7.8 7.8 7.8 7.7 7.8 7.8 7.7 7.5 7.7 7.6
CaO 4.0 3.9 3.8 3.7 3.6 3.4 3.1 3.0 3.0 3.0
Na2O 4.0 3.9 3.9 3.9 3.8 3.7 3.7 3.6 3.6 3.6
K2O 2.2 2.2 2.2 2.3 2.3 2.3 2.4 2.5 2.5 2.5
Std. Dev.
SiO2 9.5 9.5 9.8 10.0 10.3 10.5 11.1 11.3 11.3 11.4
Al2O3 8.3 8.4 8.5 8.4 8.6 8.6 9.2 9.3 9.1 9.1
MgO 3.0 2.9 2.8 2.8 2.8 2.7 2.7 2.7 2.8 2.6
FeO 5.7 5.6 5.6 5.6 5.6 5.7 5.6 5.7 5.8 5.9
CaO 2.8 2.7 2.6 2.4 2.4 2.3 2.0 2.0 2.0 2.0
Na2O 2.2 2.2 2.2 2.2 2.2 2.2 2.3 2.3 2.3 2.3
K2O 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.2 1.2 1.2
N 377 379 369 372 358 361 345 346 347 330
Vp = 6.6 km/s
Mean
SiO2 58.8 58.9 59.2 59.4 59.4 59.2 59.2 59.0 59.1 59.5
Al2O3 17.3 17.1 16.8 16.8 16.9 17.2 17.3 17.5 17.5 17.4
MgO 5.5 5.5 5.5 5.5 5.3 5.1 5.1 5.0 4.9 4.7
FeO 7.9 8.0 8.1 8.1 8.2 8.0 8.1 8.2 8.2 8.4
CaO 4.8 4.6 4.5 4.5 4.4 4.4 4.1 4.0 3.9 3.8
Na2O 3.9 3.9 3.9 3.9 3.9 4.0 4.1 4.2 4.2 4.2
K2O 1.9 1.9 1.9 2.0 2.0 2.0 2.0 2.0 2.1 2.1
Std. Dev.
SiO2 9.7 10.0 10.1 10.2 10.5 10.3 10.4 10.5 10.6 10.9
Al2O3 8.3 8.6 8.6 8.5 8.7 8.6 8.6 8.7 8.6 8.9
MgO 3.4 3.4 3.4 3.4 3.3 3.3 3.3 3.3 3.2 3.1
FeO 5.6 5.6 5.7 5.6 5.7 5.8 5.8 5.8 5.9 5.9
CaO 3.0 3.0 2.9 2.9 2.9 2.9 2.7 2.7 2.6 2.6
Na2O 2.2 2.2 2.3 2.2 2.3 2.2 2.2 2.2 2.2 2.3
K2O 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1
N 516 514 493 487 478 477 456 447 438 429
Vp = 6.7 km/s
Mean
SiO2 56.6 56.5 56.5 56.8 56.9 56.9 56.8 56.9 56.9 57.7
Al2O3 17.7 17.8 17.9 17.7 17.8 17.9 18.1 18.2 18.3 17.8
MgO 6.7 6.6 6.5 6.5 6.2 6.0 5.8 5.7 5.7 5.7
FeO 8.3 8.3 8.4 8.4 8.4 8.5 8.5 8.5 8.6 8.4
CaO 5.2 5.3 5.2 5.1 5.1 5.1 5.0 4.8 4.6 4.6
Na2O 3.9 3.9 3.9 3.9 3.9 4.0 4.1 4.1 4.2 4.1
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Depth (km) 5 10 15 20 25 30 35 40 45 50
T (C) 91 155 211 263 311 359 405 451 496 541
P (kbar) 1.6 3.2 4.9 6.5 8.1 9.7 11.3 12.9 14.6 16.2
Std. Dev.
SiO2 10.0 10.0 10.1 10.3 10.2 10.3 10.2 10.3 10.3 10.4
Al2O3 8.5 8.4 8.4 8.6 8.5 8.5 8.4 8.2 8.3 8.4
MgO 3.6 3.6 3.6 3.6 3.5 3.4 3.4 3.4 3.4 3.4
FeO 5.4 5.4 5.4 5.5 5.5 5.5 5.6 5.7 5.7 5.6
CaO 3.3 3.3 3.3 3.2 3.2 3.2 3.1 3.0 2.9 2.9
Na2O 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.2 2.2 2.2
K2O 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.1
N 591 596 594 583 586 582 583 578 559 563
Vp = 6.8 km/s
Mean
SiO2 54.9 55.1 55.1 55.0 55.2 55.5 55.7 55.9 55.9 56.1
Al2O3 18.2 18.0 18.2 18.4 18.3 18.0 17.9 17.8 17.9 18.0
MgO 8.0 8.0 7.7 7.5 7.6 7.6 7.5 7.3 7.2 7.0
FeO 7.9 7.9 7.8 8.0 7.9 8.0 8.1 8.1 8.1 8.1
CaO 5.8 5.8 5.8 5.7 5.6 5.5 5.6 5.5 5.4 5.4
Na2O 3.8 3.8 3.8 3.9 3.9 3.8 3.8 3.8 3.9 3.9
K2O 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.6
Std. Dev.
SiO2 9.8 9.7 9.8 9.9 9.9 10.0 10.1 10.3 10.2 10.2
Al2O3 8.3 8.3 8.3 8.4 8.3 8.4 8.5 8.5 8.5 8.4
MgO 4.2 4.1 4.0 3.9 3.9 3.9 3.8 3.7 3.7 3.6
FeO 5.3 5.2 5.3 5.3 5.3 5.3 5.3 5.3 5.3 5.2
CaO 3.8 3.8 3.8 3.6 3.6 3.5 3.5 3.4 3.4 3.4
Na2O 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.4 2.3 2.3
K2O 0.9 0.9 0.9 0.9 0.9 0.9 1.0 0.9 0.9 1.0
N 674 684 685 674 683 683 683 668 661 650
Vp = 6.9 km/s
Mean
SiO2 54.2 54.3 54.6 54.5 54.6 54.8 55.1 55.3 55.6 55.4
Al2O3 17.8 17.7 17.6 17.8 17.7 17.6 17.4 17.4 17.3 17.5
MgO 9.3 9.3 9.4 9.2 9.2 9.2 9.1 8.8 8.7 8.7
FeO 7.1 7.1 7.0 7.1 7.2 7.1 7.1 7.2 7.1 7.2
CaO 6.7 6.5 6.5 6.5 6.2 6.3 6.3 6.3 6.3 6.1
Na2O 3.6 3.6 3.5 3.6 3.6 3.6 3.5 3.5 3.5 3.6
K2O 1.4 1.4 1.5 1.4 1.5 1.5 1.5 1.5 1.5 1.5
Std. Dev.
SiO2 9.3 9.3 9.2 9.2 9.3 9.3 9.3 9.4 9.4 9.6
Al2O3 8.1 8.2 8.1 8.1 8.2 8.2 8.1 8.3 8.2 8.3
MgO 4.9 4.9 4.8 4.8 4.8 4.8 4.7 4.6 4.6 4.5
FeO 4.8 4.8 4.8 4.8 4.8 4.8 4.7 4.7 4.7 4.8
CaO 4.3 4.2 4.2 4.2 4.1 4.0 3.9 4.0 3.8 3.7
Na2O 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2
K2O 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
N 688 681 697 709 703 709 722 709 697 694
Vp = 7.0 km/s
Mean
SiO2 52.9 52.8 53.1 53.4 53.5 53.5 53.6 53.8 54.1 54.3
Al2O3 17.6 17.6 17.4 17.3 17.3 17.3 17.4 17.4 17.2 17.3
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Depth (km) 5 10 15 20 25 30 35 40 45 50
T (C) 91 155 211 263 311 359 405 451 496 541
P (kbar) 1.6 3.2 4.9 6.5 8.1 9.7 11.3 12.9 14.6 16.2
FeO 7.0 7.1 7.1 7.0 7.0 7.0 6.9 7.0 7.0 7.0
CaO 7.2 7.1 7.1 7.1 7.1 7.0 7.0 6.9 6.9 6.7
Na2O 3.3 3.4 3.3 3.3 3.3 3.3 3.4 3.4 3.3 3.4
K2O 1.2 1.2 1.2 1.3 1.3 1.3 1.3 1.4 1.4 1.4
Std. Dev.
SiO2 8.9 8.9 8.9 8.9 8.9 8.9 9.0 9.0 9.1 9.2
Al2O3 7.8 7.9 7.9 7.8 7.8 7.8 7.8 7.8 8.0 8.0
MgO 5.4 5.5 5.4 5.5 5.5 5.5 5.5 5.4 5.3 5.3
FeO 4.8 4.7 4.7 4.7 4.7 4.7 4.6 4.6 4.6 4.6
CaO 4.7 4.7 4.6 4.6 4.6 4.6 4.5 4.4 4.3 4.1
Na2O 2.1 2.1 2.1 2.0 2.0 2.0 2.0 2.0 2.1 2.1
K2O 0.8 0.8 0.8 0.9 0.9 0.9 0.9 0.9 0.9 0.9
N 613 607 632 653 649 663 664 663 674 688
Vp = 7.1 km/s
Mean
SiO2 51.3 51.3 51.3 51.5 51.6 51.7 51.7 51.9 51.9 52.2
Al2O3 17.6 17.6 17.8 17.6 17.7 17.6 17.7 17.8 17.9 17.8
MgO 12.3 12.2 12.1 12.0 12.0 12.0 11.8 11.6 11.3 11.1
FeO 7.2 7.1 7.1 7.1 7.0 7.0 7.2 7.1 7.2 7.2
CaO 7.2 7.3 7.4 7.4 7.4 7.2 7.1 7.2 7.2 7.3
Na2O 3.3 3.3 3.3 3.3 3.3 3.3 3.3 3.3 3.4 3.3
K2O 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1
Std. Dev.
SiO2 8.7 8.7 8.7 8.8 8.8 8.8 9.1 9.1 9.2 9.2
Al2O3 7.7 7.7 7.7 7.7 7.7 7.7 7.8 7.8 7.9 7.9
MgO 5.9 5.9 5.9 5.9 5.8 5.8 5.8 5.7 5.6 5.6
FeO 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0
CaO 5.0 5.1 5.1 5.1 5.0 4.9 4.9 4.8 4.8 4.8
Na2O 2.1 2.1 2.1 2.1 2.0 2.0 2.1 2.0 2.1 2.1
K2O 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8
N 550 567 566 575 588 598 588 612 636 652
Vp = 7.2 km/s
Mean
SiO2 50.4 50.5 50.2 50.3 50.5 50.6 50.8 51.1 50.9 51.1
Al2O3 17.6 17.6 17.9 17.9 17.8 17.7 17.7 17.6 17.6 17.4
MgO 12.8 12.7 12.7 12.6 12.6 12.7 12.6 12.6 12.5 12.6
FeO 7.2 7.1 7.1 7.1 7.0 7.0 7.0 6.9 7.0 7.0
CaO 7.7 7.8 7.8 7.8 7.8 7.8 7.8 7.7 7.7 7.7
Na2O 3.2 3.2 3.3 3.3 3.2 3.2 3.2 3.2 3.2 3.2
K2O 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Std. Dev.
SiO2 8.5 8.5 8.6 8.6 8.6 8.6 8.5 8.5 8.4 8.5
Al2O3 7.9 7.9 7.9 7.9 7.7 7.8 7.7 7.6 7.5 7.6
MgO 6.4 6.3 6.3 6.2 6.1 6.1 6.1 6.1 6.1 6.1
FeO 4.8 4.9 4.9 4.9 4.8 4.9 4.9 4.9 5.0 5.0
CaO 5.1 5.2 5.2 5.2 5.1 5.1 5.1 5.1 5.1 5.0
Na2O 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 1.9 2.0
K2O 0.8 0.8 0.8 0.7 0.7 0.7 0.7 0.7 0.7 0.7
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Depth (km) 5 10 15 20 25 30 35 40 45 50
T (C) 91 155 211 263 311 359 405 451 496 541
P (kbar) 1.6 3.2 4.9 6.5 8.1 9.7 11.3 12.9 14.6 16.2
Vp = 7.3 km/s
Mean
SiO2 48.5 48.5 48.5 48.8 49.0 49.0 49.5 49.6 49.7 49.5
Al2O3 18.9 19.1 18.9 18.7 18.6 18.6 18.3 18.1 18.0 18.2
MgO 12.7 12.6 12.7 12.7 12.6 12.5 12.7 12.8 13.0 12.9
FeO 6.7 6.6 6.6 6.6 6.7 6.6 6.4 6.5 6.5 6.5
CaO 9.0 9.1 9.1 9.1 9.0 9.1 9.1 9.0 8.9 8.7
Na2O 3.3 3.3 3.3 3.2 3.2 3.2 3.1 3.1 3.1 3.2
K2O 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 1.0
Std. Dev.
SiO2 7.8 7.8 7.8 8.0 8.0 8.0 8.1 8.1 8.0 8.1
Al2O3 7.7 7.6 7.7 7.7 7.8 7.7 7.7 7.7 7.6 7.7
MgO 6.9 6.9 6.8 6.7 6.8 6.7 6.7 6.7 6.7 6.8
FeO 4.3 4.3 4.3 4.3 4.4 4.3 4.4 4.4 4.5 4.4
CaO 5.6 5.6 5.5 5.5 5.4 5.5 5.4 5.5 5.5 5.5
Na2O 1.9 1.9 1.8 1.9 1.9 1.9 1.9 1.9 1.8 1.8
K2O 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
N 413 406 413 421 427 434 462 471 484 471
Vp = 7.4 km/s
Mean
SiO2 47.4 47.5 47.8 47.9 47.8 47.8 47.7 47.7 47.9 48.0
Al2O3 19.0 19.0 18.8 18.7 18.8 19.0 19.0 19.1 19.1 19.1
MgO 13.9 13.9 13.9 13.9 13.9 13.5 13.5 13.3 13.2 13.0
FeO 6.1 6.0 6.0 6.0 6.0 6.1 6.1 6.0 6.1 6.1
CaO 9.6 9.6 9.6 9.6 9.6 9.7 9.7 9.8 9.6 9.9
Na2O 3.2 3.2 3.1 3.1 3.1 3.1 3.1 3.2 3.2 3.1
K2O 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.9 0.9 0.9
Std. Dev.
SiO2 7.3 7.3 7.2 7.2 7.3 7.3 7.3 7.3 7.5 7.4
Al2O3 7.4 7.4 7.2 7.3 7.3 7.3 7.3 7.2 7.3 7.2
MgO 7.5 7.5 7.5 7.5 7.5 7.5 7.4 7.4 7.4 7.4
FeO 4.2 4.1 4.1 4.1 4.1 4.1 4.1 4.1 4.1 4.1
CaO 5.9 5.9 5.9 5.9 5.9 5.9 5.9 5.9 5.8 5.9
Na2O 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8
K2O 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
N 344 345 354 361 361 365 364 370 367 378
Vp = 7.5 km/s
Mean
SiO2 47.6 47.4 47.4 47.3 47.4 47.4 47.4 47.6 47.6 47.8
Al2O3 18.2 18.3 18.3 18.4 18.4 18.4 18.4 18.4 18.4 18.1
MgO 15.0 15.0 15.0 15.0 14.7 14.7 14.7 14.6 14.5 14.5
FeO 5.8 5.8 5.8 5.8 5.8 5.8 5.7 5.7 5.7 5.8
CaO 9.7 9.8 9.8 9.7 10.0 10.0 10.0 9.9 9.9 10.1
Na2O 2.9 2.9 2.9 3.0 2.9 2.9 2.9 2.9 3.0 2.8
K2O 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8
Std. Dev.
SiO2 7.2 7.2 7.2 7.2 7.1 7.1 7.0 7.0 7.1 7.1
Al2O3 6.6 6.5 6.6 6.6 6.5 6.4 6.4 6.3 6.3 6.4
MgO 8.0 7.9 7.9 8.0 8.0 8.0 8.0 8.0 8.0 7.8
FeO 4.0 3.9 3.9 3.9 3.8 3.9 3.9 3.9 3.9 3.9
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Depth (km) 5 10 15 20 25 30 35 40 45 50
T (C) 91 155 211 263 311 359 405 451 496 541
P (kbar) 1.6 3.2 4.9 6.5 8.1 9.7 11.3 12.9 14.6 16.2
Na2O 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.7 1.7 1.8
K2O 0.6 0.6 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
N 246 258 256 263 274 273 275 282 289 312
Vp = 7.6 km/s
Mean
SiO2 44.9 44.9 44.9 44.8 44.8 45.0 45.1 45.0 44.4 44.5
Al2O3 20.5 20.4 20.3 20.3 20.4 20.1 20.1 20.1 20.5 20.5
MgO 14.1 14.2 14.3 14.3 14.3 14.6 14.6 14.6 14.5 14.4
FeO 4.9 4.9 5.1 5.2 5.1 5.1 5.0 5.0 5.2 5.2
CaO 11.4 11.4 11.2 11.3 11.3 11.2 11.2 11.2 11.2 11.2
Na2O 3.3 3.3 3.3 3.3 3.3 3.2 3.2 3.2 3.3 3.3
K2O 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.8 0.8
Std. Dev.
SiO2 7.3 7.3 7.4 7.3 7.5 7.5 7.5 7.6 8.1 8.1
Al2O3 6.0 6.0 6.3 6.4 6.5 6.5 6.5 6.7 6.9 6.9
MgO 7.6 7.7 7.7 7.7 7.6 7.6 7.6 7.6 7.3 7.3
FeO 3.6 3.6 3.8 3.8 3.8 3.8 3.6 3.6 3.6 3.6
CaO 6.0 6.0 6.0 6.0 6.0 5.9 5.8 5.8 5.7 5.7
Na2O 1.7 1.7 1.8 1.7 1.8 1.8 1.7 1.8 1.8 1.8
K2O 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.6 0.6
N 215 217 217 219 223 231 234 241 265 270
a
N denotes number of synthetic compositions in each Vp bin.
Table A.1. (continued)
Table A.2. Mean and Standard Deviation of Major Element Oxides as a Function of Vp for a Cold Continental
Geotherm (qs = 35 mW m
2)a
Depth (km) 5 10 15 20 25 30 35 40 45 50
T (C) 62 101 136 168 198 227 256 284 312 340
P (kbar) 1.6 3.2 4.9 6.5 8.1 9.7 11.3 12.9 14.6 16.2
Vp = 6.2 km/s
Mean
SiO2 76.3 76.8 77.4 77.5 76.3 77.0 79.8 80.8 83.3 81.1
Al2O3 7.1 6.9 6.4 6.0 7.2 6.9 8.2 7.4 5.4 7.4
MgO 2.1 2.1 2.1 1.6 1.3 0.9 0.7 0.7 1.0 1.1
FeO 7.3 7.3 7.3 7.8 9.3 9.1 5.0 5.3 5.5 4.7
CaO 2.0 1.9 1.8 2.0 1.4 1.5 1.2 1.2 0.8 0.7
Na2O 2.2 2.2 2.1 2.1 2.1 2.1 2.2 1.9 1.4 2.1
K2O 2.9 2.9 2.9 3.0 2.4 2.4 2.8 2.7 2.6 2.9
Std. Dev.
SiO2 6.5 6.2 5.8 6.1 6.7 7.7 7.0 6.5 6.3 7.1
Al2O3 5.3 5.1 4.8 4.7 5.4 5.6 6.2 5.7 5.9 6.7
MgO 1.1 1.1 1.2 0.9 0.8 0.5 0.6 0.5 0.3 0.4
FeO 5.5 5.4 5.5 6.2 6.7 6.9 2.2 2.0 2.4 2.7
CaO 1.1 1.2 1.2 1.2 0.8 0.8 0.7 0.8 0.2 0.2
Na2O 1.4 1.4 1.3 1.3 1.5 1.6 1.8 1.7 1.8 2.1
K2O 1.3 1.3 1.3 1.5 1.1 1.0 0.8 0.7 0.8 0.9
N 147 141 131 85 49 32 22 20 14 9
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Depth (km) 5 10 15 20 25 30 35 40 45 50
T (C) 62 101 136 168 198 227 256 284 312 340
P (kbar) 1.6 3.2 4.9 6.5 8.1 9.7 11.3 12.9 14.6 16.2
Vp = 6.3 km/s
Mean
SiO2 73.6 73.8 74.2 74.1 74.1 75.5 76.1 76.3 77.5 76.3
Al2O3 8.7 8.4 8.3 8.5 8.6 7.8 7.4 7.1 6.0 7.2
MgO 2.9 2.9 2.7 2.5 2.1 2.0 2.0 1.9 1.6 1.3
FeO 6.9 7.3 7.0 7.2 7.8 7.3 7.4 7.6 8.0 9.3
CaO 2.5 2.3 2.3 2.2 2.1 2.0 1.9 1.9 2.0 1.4
Na2O 2.5 2.5 2.5 2.6 2.6 2.4 2.3 2.3 2.1 2.1
K2O 2.9 2.9 3.0 3.0 2.8 2.9 2.9 2.9 3.0 2.4
Std. Dev.
SiO2 8.1 8.0 8.1 7.6 8.0 8.2 7.7 8.0 6.2 6.7
Al2O3 7.0 7.0 7.0 6.4 6.6 6.7 6.3 6.5 4.8 5.4
MgO 1.9 1.9 1.7 1.7 1.2 1.1 1.1 1.1 0.9 0.8
FeO 5.6 5.8 5.7 5.8 5.8 5.4 5.5 5.6 6.2 6.7
CaO 1.6 1.4 1.4 1.3 1.2 1.1 1.1 1.1 1.2 0.8
Na2O 1.8 1.8 1.8 1.7 1.7 1.8 1.7 1.7 1.3 1.5
K2O 1.3 1.4 1.4 1.4 1.4 1.3 1.3 1.4 1.5 1.1
N 269 237 214 190 162 152 144 124 81 49
Vp = 6.4 km/s
Mean
SiO2 67.4 68.0 68.5 70.2 72.0 72.8 73.5 73.6 73.9 74.4
Al2O3 12.9 12.7 12.4 11.2 9.9 9.5 8.7 8.8 8.7 8.4
MgO 3.7 3.6 3.3 3.3 3.1 3.0 2.8 2.7 2.4 2.0
FeO 6.8 6.7 7.0 7.0 6.7 6.7 7.0 7.0 7.3 7.8
CaO 3.2 3.0 2.9 2.6 2.6 2.5 2.4 2.3 2.2 2.1
Na2O 3.4 3.4 3.3 3.0 2.8 2.7 2.6 2.7 2.6 2.5
K2O 2.7 2.7 2.7 2.7 2.9 2.9 2.9 3.0 2.9 2.8
Std. Dev.
SiO2 9.7 9.5 9.5 9.6 9.4 9.2 8.8 8.9 7.8 8.1
Al2O3 8.5 8.5 8.5 8.2 8.1 7.8 7.5 7.7 6.6 6.6
MgO 2.5 2.4 2.2 2.0 2.0 1.9 1.9 1.7 1.6 1.2
FeO 5.1 5.3 5.3 5.0 5.1 5.2 5.7 5.7 5.8 5.8
CaO 2.0 1.8 1.8 1.6 1.6 1.6 1.6 1.4 1.3 1.2
Na2O 2.2 2.2 2.2 2.2 2.1 2.0 1.9 2.0 1.7 1.7
K2O 1.2 1.2 1.2 1.2 1.3 1.3 1.4 1.4 1.4 1.4
N 284 263 247 279 286 276 252 213 186 164
Vp = 6.5 km/s
Mean
SiO2 61.5 62.4 63.3 64.5 65.5 66.3 67.3 68.1 69.9 71.3
Al2O3 16.3 15.9 15.2 14.4 13.8 13.6 13.1 12.6 11.4 10.4
MgO 4.4 4.1 4.2 4.2 4.2 3.7 3.6 3.4 3.2 3.1
FeO 7.7 7.7 7.8 7.6 7.4 7.2 6.9 7.0 7.1 6.8
CaO 3.9 3.7 3.5 3.2 3.1 3.1 3.0 2.9 2.6 2.6
Na2O 3.9 3.9 3.8 3.7 3.6 3.5 3.5 3.3 3.1 2.9
K2O 2.2 2.3 2.3 2.4 2.5 2.6 2.7 2.7 2.7 2.9
Std. Dev.
SiO2 9.5 10.2 10.1 11.0 11.2 10.7 10.2 10.1 10.2 10.2
Al2O3 8.4 8.5 8.4 9.2 9.2 8.8 8.7 8.5 8.5 8.5
MgO 2.8 2.8 2.8 2.7 2.7 2.4 2.4 2.2 2.0 2.0
FeO 5.6 5.6 5.7 5.7 5.7 5.6 5.3 5.3 5.2 5.1
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Depth (km) 5 10 15 20 25 30 35 40 45 50
T (C) 62 101 136 168 198 227 256 284 312 340
P (kbar) 1.6 3.2 4.9 6.5 8.1 9.7 11.3 12.9 14.6 16.2
Na2O 2.2 2.2 2.2 2.4 2.3 2.2 2.2 2.2 2.2 2.2
K2O 1.1 1.1 1.1 1.1 1.2 1.2 1.2 1.2 1.2 1.3
N 371 354 354 337 343 301 272 271 284 295
Vp = 6.6 km/s
Mean
SiO2 59.0 59.4 59.5 59.4 59.4 60.3 60.8 62.7 63.9 64.9
Al2O3 17.1 16.9 16.9 17.3 17.5 16.9 16.8 15.6 14.8 14.2
MgO 5.5 5.3 5.2 5.0 4.7 4.6 4.3 4.2 4.2 4.2
FeO 8.1 8.2 8.0 8.0 8.1 8.1 8.1 7.9 7.8 7.5
CaO 4.6 4.5 4.4 4.2 4.1 3.9 3.7 3.5 3.1 3.0
Na2O 3.9 3.9 4.0 4.1 4.2 4.1 4.1 3.9 3.8 3.7
K2O 1.9 1.9 2.0 2.0 2.1 2.2 2.2 2.3 2.4 2.5
Std. Dev.
SiO2 9.9 10.2 10.3 10.2 10.4 10.3 10.3 10.7 11.6 11.7
Al2O3 8.4 8.6 8.6 8.6 8.6 8.7 8.7 8.8 9.5 9.5
MgO 3.4 3.3 3.2 3.3 3.1 3.0 2.8 2.8 2.7 2.7
FeO 5.6 5.6 5.8 5.8 5.7 5.8 5.7 5.7 5.6 5.7
CaO 2.9 2.9 2.9 2.8 2.7 2.6 2.4 2.4 2.0 2.0
Na2O 2.2 2.3 2.3 2.2 2.2 2.2 2.2 2.3 2.4 2.4
K2O 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.2
N 489 476 468 438 426 395 387 377 358 353
Vp = 6.7 km/s
Mean
SiO2 56.5 56.9 56.9 56.8 57.3 58.1 58.4 58.4 58.2 58.1
Al2O3 17.9 17.8 17.9 18.3 18.2 17.6 17.5 17.7 17.9 18.1
MgO 6.5 6.3 6.0 5.7 5.5 5.5 5.4 5.3 5.1 4.9
FeO 8.4 8.4 8.4 8.4 8.2 8.2 8.2 8.3 8.4 8.5
CaO 5.2 5.1 5.2 5.0 4.9 4.6 4.4 4.3 4.1 4.0
Na2O 3.9 3.9 4.0 4.1 4.1 4.1 4.1 4.2 4.3 4.4
K2O 1.6 1.7 1.7 1.7 1.8 1.9 1.9 2.0 2.0 2.1
Std. Dev.
SiO2 10.1 10.2 10.2 10.1 10.2 10.6 10.9 11.1 11.1 11.3
Al2O3 8.4 8.4 8.6 8.3 8.4 8.8 8.9 8.9 8.9 8.9
MgO 3.6 3.5 3.4 3.4 3.4 3.4 3.4 3.2 3.2 3.1
FeO 5.4 5.5 5.4 5.6 5.4 5.6 5.7 5.8 5.9 6.0
CaO 3.3 3.2 3.2 3.1 3.0 2.9 2.9 2.9 2.7 2.6
Na2O 2.3 2.3 2.3 2.2 2.2 2.3 2.4 2.4 2.3 2.3
K2O 1.0 1.0 1.0 1.1 1.0 1.1 1.1 1.1 1.1 1.1
N 583 578 568 558 529 543 521 489 469 454
Vp = 6.8 km/s
Mean
SiO2 55.0 55.1 55.3 55.6 56.0 55.9 56.2 56.2 56.2 56.2
Al2O3 18.3 18.3 18.3 18.1 18.0 18.2 18.1 18.3 18.4 18.8
MgO 7.6 7.6 7.4 7.3 7.2 6.8 6.6 6.2 5.8 5.7
FeO 8.0 8.0 8.0 8.0 8.2 8.2 8.4 8.6 8.7 8.6
CaO 5.8 5.7 5.6 5.6 5.3 5.4 5.1 5.1 5.0 4.8
Na2O 3.8 3.9 3.9 3.9 3.9 4.0 4.0 4.1 4.1 4.3
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Depth (km) 5 10 15 20 25 30 35 40 45 50
T (C) 62 101 136 168 198 227 256 284 312 340
P (kbar) 1.6 3.2 4.9 6.5 8.1 9.7 11.3 12.9 14.6 16.2
Std. Dev.
SiO2 10.0 9.9 10.1 10.4 10.3 10.4 10.7 10.6 10.6 10.8
Al2O3 8.4 8.4 8.5 8.6 8.4 8.5 8.6 8.7 8.4 8.4
MgO 3.9 3.9 3.8 3.6 3.6 3.6 3.6 3.4 3.4 3.3
FeO 5.3 5.3 5.3 5.3 5.4 5.4 5.5 5.6 5.7 5.7
CaO 3.8 3.6 3.6 3.5 3.5 3.4 3.2 3.1 3.2 3.0
Na2O 2.4 2.3 2.4 2.4 2.3 2.3 2.3 2.4 2.3 2.3
K2O 0.9 0.9 0.9 0.9 1.0 1.0 1.0 1.0 1.0 1.0
N 666 674 671 663 638 645 600 602 593 576
Vp = 6.9 km/s
Mean
SiO2 54.6 54.8 54.9 55.4 55.3 55.2 55.3 55.7 56.0 55.9
Al2O3 17.6 17.7 17.8 17.4 17.6 17.8 18.1 17.9 17.9 18.0
MgO 9.2 9.0 8.9 8.7 8.5 8.3 7.7 7.6 7.4 7.2
FeO 7.1 7.0 7.0 7.1 7.3 7.5 7.8 7.9 7.7 7.9
CaO 6.5 6.6 6.4 6.4 6.2 6.0 5.9 5.7 5.7 5.6
Na2O 3.5 3.5 3.6 3.5 3.6 3.7 3.7 3.7 3.8 3.8
K2O 1.4 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
Std. Dev.
SiO2 9.2 9.1 9.2 9.4 9.6 9.5 9.6 9.8 10.0 10.0
Al2O3 8.1 8.1 8.1 8.3 8.3 8.1 8.2 8.3 8.4 8.3
MgO 4.8 4.7 4.6 4.6 4.5 4.3 3.9 3.9 3.8 3.7
FeO 4.8 4.8 4.8 4.7 5.0 5.0 5.2 5.1 5.1 5.1
CaO 4.2 4.1 4.0 4.0 3.9 3.8 3.7 3.6 3.5 3.5
Na2O 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.3 2.2
K2O 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
N 676 699 671 690 697 686 677 676 679 649
Vp = 7.0 km/s
Mean
SiO2 53.5 53.6 53.8 54.1 54.2 54.3 54.6 54.7 55.0 55.3
Al2O3 17.1 17.3 17.3 17.2 17.4 17.4 17.5 17.6 17.5 17.4
MgO 10.7 10.4 10.3 10.0 9.8 9.8 9.4 9.4 9.1 8.9
FeO 6.9 6.8 6.8 6.9 7.0 7.0 6.9 6.9 7.0 7.1
CaO 7.2 7.2 7.2 7.1 6.9 6.6 6.7 6.4 6.4 6.4
Na2O 3.2 3.3 3.3 3.3 3.4 3.4 3.5 3.5 3.5 3.5
K2O 1.3 1.3 1.4 1.4 1.4 1.4 1.4 1.5 1.5 1.5
Std. Dev.
SiO2 8.7 8.8 8.7 8.8 9.0 9.2 9.1 9.3 9.4 9.5
Al2O3 7.8 7.8 7.8 7.8 8.0 8.0 8.0 8.0 8.2 8.1
MgO 5.4 5.4 5.4 5.4 5.3 5.1 5.0 5.0 4.7 4.6
FeO 4.7 4.6 4.5 4.6 4.6 4.7 4.6 4.6 4.5 4.6
CaO 4.6 4.6 4.6 4.6 4.3 4.2 4.2 4.1 3.9 3.9
Na2O 2.0 2.0 2.0 2.0 2.1 2.1 2.1 2.1 2.1 2.1
K2O 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
N 627 626 635 642 664 669 719 709 715 724
Vp = 7.1 km/s
Mean
SiO2 51.4 51.5 51.8 52.0 52.2 52.4 52.8 53.1 53.4 54.0
Al2O3 17.7 17.7 17.7 17.8 17.7 17.8 17.6 17.6 17.4 17.1
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Depth (km) 5 10 15 20 25 30 35 40 45 50
T (C) 62 101 136 168 198 227 256 284 312 340
P (kbar) 1.6 3.2 4.9 6.5 8.1 9.7 11.3 12.9 14.6 16.2
FeO 7.1 7.1 7.3 7.2 7.2 7.0 7.0 6.8 7.1 7.1
CaO 7.4 7.2 7.2 7.2 7.2 7.2 7.1 7.1 7.1 6.9
Na2O 3.3 3.3 3.3 3.3 3.3 3.4 3.4 3.4 3.4 3.3
K2O 1.1 1.1 1.1 1.1 1.2 1.2 1.3 1.3 1.3 1.3
Std. Dev.
SiO2 8.7 8.9 9.1 9.1 9.1 9.2 9.1 9.2 9.2 9.4
Al2O3 7.7 7.8 7.9 7.8 7.8 7.9 7.9 7.8 7.8 7.9
MgO 5.8 5.8 5.5 5.4 5.4 5.5 5.5 5.5 5.4 5.3
FeO 5.0 5.0 5.0 5.0 4.9 4.8 4.7 4.7 4.8 4.8
CaO 5.1 5.0 4.9 4.7 4.7 4.7 4.7 4.6 4.6 4.4
Na2O 2.0 2.1 2.1 2.1 2.1 2.1 2.0 2.0 2.0 2.0
K2O 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.9 0.9
N 567 569 582 582 606 628 674 676 680 690
Vp = 7.2 km/s
Mean
SiO2 50.2 50.5 50.6 50.8 51.1 51.3 51.3 51.6 51.6 51.9
Al2O3 17.9 17.7 17.6 17.5 17.5 17.5 17.6 17.6 17.8 17.8
MgO 12.7 12.8 12.8 12.8 12.6 12.3 12.1 11.8 11.7 11.4
FeO 7.3 7.3 7.4 7.2 7.0 7.0 7.2 7.1 7.2 7.1
CaO 7.5 7.5 7.4 7.4 7.6 7.6 7.5 7.5 7.3 7.4
Na2O 3.3 3.3 3.3 3.2 3.2 3.2 3.2 3.2 3.3 3.3
K2O 1.1 1.0 1.0 1.0 1.1 1.1 1.1 1.1 1.1 1.1
Std. Dev.
SiO2 8.6 8.6 8.6 8.5 8.6 8.8 8.9 9.0 9.2 9.4
Al2O3 7.8 7.8 7.7 7.6 7.5 7.7 7.8 7.8 7.9 8.0
MgO 6.2 6.2 6.0 6.0 6.0 6.0 5.9 5.8 5.6 5.6
FeO 4.9 4.9 4.9 5.0 5.0 5.0 5.1 5.0 4.9 4.9
CaO 5.2 5.2 5.1 5.0 5.1 5.1 5.0 5.0 4.9 4.8
Na2O 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.1
K2O 0.8 0.8 0.7 0.7 0.7 0.8 0.7 0.8 0.7 0.8
N 483 508 521 550 570 575 573 591 592 597
Vp = 7.3 km/s
Mean
SiO2 48.7 49.0 49.3 49.5 49.7 50.1 50.2 50.5 50.8 51.0
Al2O3 18.7 18.4 18.3 18.1 18.1 17.8 17.9 17.7 17.6 17.7
MgO 12.8 12.9 13.1 13.1 12.8 12.8 12.5 12.5 12.7 12.5
FeO 6.8 6.9 6.7 6.8 6.9 7.0 7.0 7.0 6.8 6.7
CaO 8.8 8.7 8.5 8.5 8.3 8.2 8.3 8.1 7.9 8.0
Na2O 3.3 3.2 3.2 3.1 3.2 3.1 3.2 3.1 3.1 3.1
K2O 0.9 0.9 0.9 0.9 0.9 1.0 1.0 1.0 1.0 1.0
Std. Dev.
SiO2 8.1 8.1 8.2 8.2 8.4 8.4 8.7 8.5 8.6 8.5
Al2O3 7.8 7.8 7.7 7.7 7.8 7.7 7.9 7.8 7.7 7.7
MgO 6.7 6.7 6.8 6.8 6.7 6.6 6.3 6.2 6.0 6.1
FeO 4.5 4.4 4.5 4.7 4.8 4.8 4.8 4.8 4.8 4.8
CaO 5.5 5.5 5.6 5.7 5.7 5.5 5.4 5.2 5.1 5.2
Na2O 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9
K2O 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
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Depth (km) 5 10 15 20 25 30 35 40 45 50
T (C) 62 101 136 168 198 227 256 284 312 340
P (kbar) 1.6 3.2 4.9 6.5 8.1 9.7 11.3 12.9 14.6 16.2
Vp = 7.4 km/s
Mean
SiO2 47.3 47.3 47.5 47.7 47.8 48.3 48.9 49.3 49.9 50.1
Al2O3 19.3 19.5 19.4 19.5 19.3 18.9 18.6 18.2 17.9 17.8
MgO 13.7 13.4 13.3 13.0 12.9 13.2 13.0 13.0 13.1 13.1
FeO 6.0 6.0 6.1 6.0 6.2 6.3 6.3 6.4 6.2 6.4
CaO 9.7 9.7 9.7 9.7 9.5 9.3 9.2 9.2 8.9 8.7
Na2O 3.2 3.2 3.2 3.2 3.3 3.2 3.1 3.1 3.0 3.0
K2O 0.8 0.9 0.9 0.9 0.9 0.9 0.9 0.9 1.0 0.9
Std. Dev.
SiO2 7.3 7.4 7.4 7.5 7.6 7.5 7.7 7.6 7.8 7.8
Al2O3 7.3 7.3 7.2 7.2 7.4 7.3 7.3 7.4 7.3 7.3
MgO 7.5 7.4 7.5 7.3 7.3 7.1 6.8 6.8 6.8 6.7
FeO 4.1 4.1 4.1 4.1 4.1 4.1 4.1 4.2 4.3 4.5
CaO 5.8 5.8 5.9 5.8 5.8 5.7 5.5 5.5 5.5 5.6
Na2O 1.8 1.8 1.8 1.8 1.8 1.7 1.8 1.8 1.8 1.7
K2O 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
N 349 347 352 352 354 383 400 438 463 477
Vp = 7.5 km/s
Mean
SiO2 47.4 47.5 47.9 48.2 48.5 48.4 48.4 48.1 48.1 48.2
Al2O3 18.4 18.5 18.3 18.1 17.8 18.0 18.0 18.3 18.7 18.6
MgO 15.0 14.6 14.2 14.3 14.4 14.2 14.5 14.3 13.8 13.6
FeO 5.8 5.8 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.1
CaO 9.6 9.8 10.0 9.7 9.7 9.8 9.4 9.4 9.6 9.6
Na2O 3.0 3.0 2.9 2.9 2.8 2.9 2.9 3.0 3.1 3.1
K2O 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.9 0.9 0.9
Std. Dev.
SiO2 7.2 7.1 7.1 7.3 7.1 7.2 7.0 7.1 7.0 7.1
Al2O3 6.6 6.5 6.7 6.7 6.7 6.8 6.8 6.8 6.7 6.7
MgO 8.0 8.0 7.7 7.5 7.4 7.3 7.4 7.5 7.6 7.6
FeO 3.9 4.0 4.1 4.1 4.1 4.1 3.9 4.0 4.0 4.0
CaO 6.3 6.3 6.2 6.0 5.9 5.9 5.9 6.0 6.0 6.0
Na2O 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.7 1.7
K2O 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
N 255 267 278 288 311 316 334 336 338 343
Vp = 7.6 km/s
Mean
SiO2 45.6 45.7 45.9 46.0 46.5 46.6 46.5 46.4 46.6 46.8
Al2O3 19.8 19.5 19.5 19.2 18.8 18.8 18.9 19.0 18.8 18.7
MgO 14.4 14.7 14.7 14.9 15.0 14.7 15.0 15.0 14.8 14.8
FeO 5.0 5.1 5.1 5.4 5.3 5.4 5.4 5.4 5.5 5.5
CaO 11.1 11.0 10.9 10.5 10.5 10.7 10.4 10.5 10.5 10.4
Na2O 3.2 3.1 3.1 3.1 3.0 3.0 3.0 3.0 3.0 3.0
K2O 0.9 0.9 0.9 0.9 0.9 0.8 0.8 0.8 0.8 0.9
Std. Dev.
SiO2 7.3 7.4 7.4 7.5 7.7 7.7 7.5 7.6 7.5 7.5
Al2O3 6.3 6.5 6.5 6.6 6.7 6.7 6.6 6.7 6.7 6.7
MgO 7.7 7.6 7.5 7.5 7.5 7.6 7.7 7.8 7.8 7.8
FeO 3.7 3.8 3.7 3.9 3.9 3.9 3.8 3.8 3.9 3.9
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Depth (km) 5 10 15 20 25 30 35 40 45 50
T (C) 62 101 136 168 198 227 256 284 312 340
P (kbar) 1.6 3.2 4.9 6.5 8.1 9.7 11.3 12.9 14.6 16.2
Na2O 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7
K2O 0.7 0.7 0.7 0.6 0.6 0.6 0.6 0.6 0.6 0.7
N 222 235 240 249 263 273 290 284 305 320
a
N denotes number of synthetic compositions in each Vp bin.
Table A.2. (continued)
Table A.3. Mean and Standard Deviation of Major Element Oxides as a Function of Vp for a Warm Continental
Geotherm (qs = 90 mW m
2)a
Depth (km) 5 10 15 20 25 30 35 40 45 50
T (C) 136 238 327 410 488 564 638 711 784 856
P (kbar) 1.6 3.2 4.9 6.5 8.1 9.7 11.3 12.9 14.6 16.2
Vp = 6.2 km/s
Mean
SiO2 75.1 74.2 74.3 74.3 74.5 75.0 74.7 74.7 75.2 75.5
Al2O3 7.8 8.5 8.5 8.4 8.3 8.0 8.2 8.1 8.0 7.8
MgO 2.3 2.4 2.4 2.4 2.4 2.4 2.2 2.2 2.2 2.1
FeO 7.3 7.2 7.2 7.3 7.3 7.3 7.7 7.7 7.3 7.3
CaO 2.2 2.2 2.2 2.2 2.2 2.1 2.0 2.0 1.9 2.0
Na2O 2.4 2.6 2.6 2.5 2.5 2.4 2.4 2.4 2.5 2.4
K2O 2.9 2.9 2.9 2.9 2.9 2.9 2.8 2.8 2.9 2.9
Std. Dev.
SiO2 6.5 7.5 7.5 7.5 7.6 7.7 7.8 7.8 7.7 7.8
Al2O3 5.3 6.2 6.2 6.2 6.2 6.2 6.3 6.3 6.3 6.4
MgO 1.4 1.6 1.6 1.6 1.6 1.6 1.4 1.4 1.4 1.1
FeO 5.9 5.8 5.7 5.8 5.8 5.7 5.7 5.7 5.5 5.5
CaO 1.3 1.3 1.3 1.3 1.3 1.3 1.2 1.2 1.1 1.1
Na2O 1.4 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.7 1.7
K2O 1.4 1.4 1.4 1.4 1.4 1.4 1.3 1.3 1.3 1.3
N 171 181 183 186 189 190 179 177 164 156
Vp = 6.3 km/s
Mean
SiO2 71.9 71.4 71.1 71.4 71.5 71.7 71.7 71.8 71.8 71.8
Al2O3 9.9 10.3 10.5 10.3 10.2 10.1 10.1 10.0 10.0 10.1
MgO 3.2 3.3 3.3 3.3 3.3 3.2 3.2 3.2 3.2 3.1
FeO 7.0 6.9 6.9 6.8 6.7 6.7 6.7 6.8 6.8 6.8
CaO 2.6 2.6 2.6 2.6 2.6 2.6 2.6 2.6 2.6 2.5
Na2O 2.7 2.8 2.9 2.9 2.9 2.8 2.8 2.8 2.8 2.8
K2O 2.7 2.8 2.7 2.8 2.8 2.9 2.9 2.8 2.8 2.9
Std. Dev.
SiO2 8.5 9.1 9.1 9.3 9.3 9.5 9.4 9.3 9.3 9.2
Al2O3 7.5 8.0 7.9 8.0 8.0 8.0 8.0 7.9 7.9 7.9
MgO 2.1 2.1 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
FeO 5.2 5.1 5.1 5.0 5.0 5.0 5.0 5.1 5.0 5.0
CaO 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.5
Na2O 1.9 2.1 2.1 2.0 2.0 2.1 2.0 2.0 2.0 2.0
K2O 1.2 1.2 1.2 1.2 1.3 1.3 1.3 1.3 1.3 1.3
N 263 271 279 289 298 302 303 307 306 311
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Depth (km) 5 10 15 20 25 30 35 40 45 50
T (C) 136 238 327 410 488 564 638 711 784 856
P (kbar) 1.6 3.2 4.9 6.5 8.1 9.7 11.3 12.9 14.6 16.2
Vp = 6.4 km/s
Mean
SiO2 66.7 66.2 65.9 65.8 65.7 65.7 66.2 66.1 66.0 66.1
Al2O3 13.0 13.1 13.5 13.6 13.6 13.6 13.3 13.3 13.2 13.2
MgO 4.3 4.3 4.3 4.4 4.4 4.4 4.4 4.4 4.3 4.3
FeO 6.8 7.2 7.3 7.2 7.2 7.2 7.0 7.1 7.6 7.5
CaO 3.2 3.2 3.2 3.1 3.1 3.1 3.1 3.1 3.1 3.0
Na2O 3.4 3.4 3.4 3.5 3.5 3.5 3.4 3.4 3.4 3.4
K2O 2.6 2.5 2.5 2.5 2.5 2.5 2.6 2.5 2.5 2.5
Std. Dev.
SiO2 9.3 9.7 9.9 10.0 10.0 9.9 10.1 10.2 10.6 10.5
Al2O3 8.7 8.7 8.9 8.9 8.8 8.8 8.8 8.8 8.9 8.8
MgO 2.8 2.8 2.7 2.8 2.8 2.8 2.8 2.8 2.8 2.8
FeO 5.0 5.4 5.4 5.4 5.3 5.3 5.3 5.4 5.6 5.6
CaO 2.1 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Na2O 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2
K2O 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.2 1.2
N 309 317 330 328 332 335 346 347 358 364
Vp = 6.5 km/s
Mean
SiO2 60.3 60.6 60.1 60.2 59.9 59.8 59.7 59.7 59.8 59.7
Al2O3 16.9 16.6 16.8 16.7 16.9 16.9 17.0 16.8 16.8 16.8
MgO 4.8 5.0 5.1 5.1 5.1 5.1 5.1 5.2 5.1 5.1
FeO 7.7 7.7 7.8 7.8 7.9 8.1 8.2 8.2 8.2 8.3
CaO 4.2 4.2 4.2 4.2 4.2 4.1 4.1 4.0 4.0 4.0
Na2O 4.0 3.9 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0
K2O 2.1 2.1 2.1 2.1 2.0 2.0 2.1 2.1 2.1 2.0
Std. Dev.
SiO2 9.6 9.4 9.7 9.6 9.8 10.0 10.1 10.0 10.1 10.3
Al2O3 8.3 8.2 8.3 8.3 8.4 8.4 8.5 8.4 8.4 8.4
MgO 3.1 3.3 3.3 3.3 3.3 3.3 3.3 3.3 3.3 3.3
FeO 5.7 5.7 5.7 5.7 5.7 5.8 5.7 5.8 5.8 5.9
CaO 2.8 2.8 2.8 2.8 2.8 2.7 2.7 2.7 2.7 2.7
Na2O 2.2 2.1 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2
K2O 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1
N 406 417 429 432 442 452 446 440 440 446
Vp = 6.6 km/s
Mean
SiO2 57.9 57.4 57.2 57.1 57.1 57.3 57.3 57.2 57.4 57.4
Al2O3 17.8 18.1 18.0 18.0 17.9 17.7 17.6 17.6 17.5 17.5
MgO 5.4 5.5 5.6 5.6 5.7 5.8 5.9 6.0 6.0 6.0
FeO 8.2 8.3 8.5 8.5 8.6 8.6 8.6 8.6 8.5 8.6
CaO 4.9 4.9 5.0 4.9 5.0 4.9 4.9 4.8 4.8 4.8
Na2O 4.0 4.1 4.0 4.1 4.0 4.0 4.0 4.0 4.0 4.0
K2O 1.8 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7
Std. Dev.
SiO2 9.8 9.9 10.0 10.1 10.1 10.2 10.2 10.2 10.0 10.1
Al2O3 8.2 8.2 8.2 8.3 8.3 8.4 8.4 8.4 8.3 8.3
MgO 3.4 3.4 3.4 3.4 3.4 3.5 3.5 3.6 3.6 3.6
FeO 5.6 5.6 5.6 5.6 5.6 5.7 5.7 5.7 5.7 5.7
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Depth (km) 5 10 15 20 25 30 35 40 45 50
T (C) 136 238 327 410 488 564 638 711 784 856
P (kbar) 1.6 3.2 4.9 6.5 8.1 9.7 11.3 12.9 14.6 16.2
Na2O 2.2 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3
K2O 1.1 1.1 1.1 1.1 1.0 1.0 1.0 1.0 1.0 1.0
N 514 539 549 559 575 586 586 594 603 608
Vp = 6.7 km/s
Mean
SiO2 56.6 56.2 56.1 56.0 56.0 56.1 56.2 56.2 56.2 56.3
Al2O3 17.5 17.7 17.6 17.7 17.6 17.6 17.5 17.5 17.5 17.4
MgO 6.9 7.1 7.2 7.3 7.4 7.4 7.5 7.4 7.5 7.6
FeO 8.2 8.3 8.3 8.3 8.2 8.2 8.2 8.2 8.2 8.1
CaO 5.4 5.4 5.4 5.4 5.4 5.5 5.4 5.4 5.4 5.4
Na2O 3.8 3.8 3.8 3.8 3.8 3.7 3.7 3.7 3.7 3.7
K2O 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
Std. Dev.
SiO2 9.9 10.1 10.0 10.1 10.1 10.0 10.0 10.0 10.0 9.9
Al2O3 8.4 8.5 8.4 8.5 8.4 8.4 8.3 8.4 8.4 8.4
MgO 3.6 3.7 3.7 3.7 3.7 3.7 3.7 3.9 3.9 4.0
FeO 5.3 5.4 5.5 5.4 5.4 5.3 5.3 5.3 5.3 5.2
CaO 3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4
Na2O 2.3 2.4 2.4 2.4 2.4 2.4 2.3 2.4 2.4 2.3
K2O 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
N 603 642 651 665 656 659 669 677 682 684
Vp = 6.8 km/s
Mean
SiO2 55.0 55.4 55.3 55.4 55.5 55.3 55.3 55.3 55.2 55.4
Al2O3 17.9 17.5 17.4 17.3 17.2 17.3 17.3 17.3 17.3 17.1
MgO 8.2 8.6 8.9 8.9 9.1 9.0 9.1 9.0 9.1 9.2
FeO 7.7 7.2 7.2 7.1 7.1 7.2 7.2 7.2 7.2 7.1
CaO 6.0 6.2 6.2 6.2 6.2 6.2 6.1 6.2 6.2 6.3
Na2O 3.7 3.6 3.6 3.5 3.5 3.5 3.5 3.5 3.5 3.5
K2O 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
Std. Dev.
SiO2 9.6 9.5 9.4 9.3 9.2 9.1 9.1 9.0 9.0 8.9
Al2O3 8.3 8.3 8.2 8.1 8.2 8.1 8.0 8.1 8.0 8.1
MgO 4.3 4.5 4.6 4.7 4.7 4.7 4.8 4.8 4.8 4.8
FeO 5.2 5.0 5.0 4.9 4.9 4.9 4.9 4.8 4.8 4.7
CaO 4.0 3.9 4.0 3.9 3.9 3.9 3.9 3.9 3.9 3.9
Na2O 2.3 2.3 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2
K2O 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
N 690 685 704 709 706 700 709 711 711 723
Vp = 6.9 km/s
Mean
SiO2 53.6 53.7 53.9 53.9 53.9 53.8 53.7 53.7 53.7 53.7
Al2O3 17.9 17.8 17.5 17.4 17.4 17.4 17.5 17.5 17.5 17.3
MgO 9.7 9.8 9.9 10.1 10.2 10.2 10.2 10.2 10.2 10.3
FeO 7.1 6.9 6.7 6.8 6.8 6.8 6.8 6.8 6.9 6.9
CaO 6.6 6.8 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0
Na2O 3.6 3.5 3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4
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Depth (km) 5 10 15 20 25 30 35 40 45 50
T (C) 136 238 327 410 488 564 638 711 784 856
P (kbar) 1.6 3.2 4.9 6.5 8.1 9.7 11.3 12.9 14.6 16.2
Std. Dev.
SiO2 9.1 9.0 8.9 8.8 8.7 8.8 8.8 8.8 8.8 8.8
Al2O3 8.1 8.1 8.0 8.0 7.9 7.9 7.9 8.0 7.9 8.0
MgO 5.2 5.4 5.4 5.5 5.6 5.6 5.6 5.5 5.6 5.6
FeO 4.8 4.6 4.5 4.6 4.6 4.6 4.7 4.7 4.7 4.7
CaO 4.3 4.3 4.5 4.5 4.5 4.5 4.5 4.4 4.4 4.4
Na2O 2.2 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1
K2O 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.8 0.8 0.8
N 678 645 650 651 669 669 675 683 689 695
Vp = 7.0 km/s
Mean
SiO2 52.6 52.3 52.4 52.2 51.7 51.7 51.5 51.3 51.3 51.2
Al2O3 17.6 17.7 17.5 17.6 17.9 17.8 18.0 18.1 17.9 17.9
MgO 11.1 11.2 11.3 11.4 11.5 11.7 11.7 11.8 12.1 12.1
FeO 7.1 7.2 7.2 7.3 7.3 7.1 7.1 7.2 7.1 7.2
CaO 7.1 7.1 7.1 7.1 7.2 7.2 7.2 7.1 7.1 7.1
Na2O 3.4 3.4 3.3 3.3 3.4 3.4 3.4 3.4 3.4 3.4
K2O 1.2 1.2 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1
Std. Dev.
SiO2 8.9 8.8 8.8 8.7 8.8 8.7 8.9 8.9 9.0 8.9
Al2O3 7.9 7.8 7.9 7.9 7.8 7.9 7.9 7.9 8.0 8.0
MgO 5.4 5.4 5.5 5.6 5.7 5.8 5.9 5.9 5.9 6.0
FeO 4.8 4.8 4.8 4.8 4.9 5.0 5.0 5.0 4.9 4.9
CaO 4.7 4.7 4.7 4.7 4.7 4.7 4.8 4.8 4.7 4.7
Na2O 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1
K2O 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8
N 596 587 573 579 585 613 616 618 641 640
Vp = 7.1 km/s
Mean
SiO2 51.4 51.2 50.6 50.5 50.5 50.5 50.6 50.3 50.3 50.1
Al2O3 17.4 17.4 17.7 17.9 17.9 17.9 17.9 18.1 18.2 18.3
MgO 12.4 12.5 12.7 12.6 12.6 12.6 12.6 12.6 12.5 12.6
FeO 7.1 7.2 7.3 7.2 7.2 7.1 7.0 7.1 7.0 7.0
CaO 7.5 7.5 7.4 7.5 7.6 7.6 7.7 7.7 7.8 7.8
Na2O 3.2 3.2 3.3 3.3 3.3 3.3 3.3 3.3 3.3 3.3
K2O 1.1 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Std. Dev.
SiO2 8.6 8.3 8.3 8.4 8.4 8.4 8.4 8.4 8.5 8.5
Al2O3 7.5 7.5 7.6 7.6 7.6 7.6 7.6 7.7 7.7 7.7
MgO 5.9 6.0 6.0 6.1 6.1 6.1 6.1 6.3 6.3 6.3
FeO 5.0 5.0 5.0 4.9 5.0 4.9 4.8 4.8 4.8 4.7
CaO 5.1 5.1 5.1 5.2 5.1 5.1 5.1 5.1 5.1 5.1
Na2O 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
K2O 0.8 0.8 0.7 0.7 0.8 0.7 0.7 0.7 0.7 0.7
N 551 567 552 544 532 541 540 549 541 551
Vp = 7.2 km/s
Mean
SiO2 49.7 49.6 49.3 49.1 49.0 48.8 49.0 49.0 48.7 48.6
Al2O3 18.1 18.1 18.2 18.5 18.7 18.8 18.7 18.9 19.3 19.3
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Depth (km) 5 10 15 20 25 30 35 40 45 50
T (C) 136 238 327 410 488 564 638 711 784 856
P (kbar) 1.6 3.2 4.9 6.5 8.1 9.7 11.3 12.9 14.6 16.2
FeO 7.1 7.0 6.9 6.8 6.7 6.8 6.6 6.5 6.4 6.4
CaO 8.0 8.3 8.4 8.6 8.7 8.9 9.1 9.3 9.5 9.5
Na2O 3.3 3.2 3.2 3.3 3.3 3.3 3.2 3.2 3.3 3.2
K2O 1.0 1.0 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
Std. Dev.
SiO2 8.5 8.3 8.1 8.3 8.2 8.2 8.1 8.2 8.0 7.9
Al2O3 7.8 7.8 7.8 7.8 7.8 7.8 7.7 7.7 7.6 7.5
MgO 6.6 6.7 6.8 6.8 6.8 6.8 6.8 6.8 6.9 6.9
FeO 4.8 4.8 4.7 4.7 4.5 4.4 4.3 4.2 4.3 4.2
CaO 5.4 5.5 5.5 5.6 5.5 5.6 5.5 5.5 5.5 5.5
Na2O 2.0 2.0 2.0 2.0 2.0 2.0 1.9 1.9 1.9 1.9
K2O 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
N 469 478 481 475 465 438 439 439 424 434
Vp = 7.3 km/s
Mean
SiO2 47.8 47.2 47.5 47.7 47.7 47.8 47.6 47.7 47.6 47.7
Al2O3 19.4 20.0 19.5 19.2 19.3 19.1 19.2 19.2 19.2 19.3
MgO 13.0 13.0 13.0 13.2 13.2 13.3 13.6 13.3 13.4 13.3
FeO 6.6 6.3 6.3 6.4 6.2 6.1 6.1 6.0 6.0 5.8
CaO 9.0 9.3 9.5 9.5 9.5 9.6 9.6 9.9 9.8 9.9
Na2O 3.4 3.4 3.3 3.2 3.2 3.2 3.2 3.1 3.2 3.2
K2O 0.9 0.9 0.9 0.8 0.8 0.8 0.8 0.8 0.8 0.8
Std. Dev.
SiO2 7.9 7.8 7.7 7.7 7.6 7.5 7.5 7.5 7.4 7.3
Al2O3 7.7 7.5 7.6 7.6 7.6 7.6 7.5 7.4 7.3 7.1
MgO 7.0 7.3 7.2 7.2 7.2 7.3 7.4 7.4 7.4 7.4
FeO 4.2 4.1 4.1 4.2 4.1 4.1 4.1 4.1 4.0 4.1
CaO 5.5 5.7 5.7 5.6 5.7 5.7 5.7 5.7 5.7 5.8
Na2O 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.8 1.8
K2O 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
N 383 355 360 363 371 367 368 365 369 355
Vp = 7.4 km/s
Mean
SiO2 47.8 47.5 47.3 47.4 47.6 47.2 47.1 47.2 47.2 46.9
Al2O3 18.7 18.9 19.3 19.0 18.8 18.8 18.8 18.7 18.7 19.0
MgO 13.7 13.7 13.5 13.8 13.8 14.3 14.4 14.4 14.5 14.5
FeO 5.9 6.0 6.0 6.0 5.9 5.9 5.9 5.8 5.7 5.5
CaO 9.9 9.8 10.0 10.0 10.1 9.9 10.0 10.1 10.1 10.3
Na2O 3.0 3.1 3.1 3.1 3.0 3.0 3.0 3.0 3.0 3.0
K2O 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8
Std. Dev.
SiO2 7.3 7.4 7.6 7.3 7.2 7.2 7.2 7.1 7.1 7.0
Al2O3 7.2 7.1 7.0 6.8 6.7 6.5 6.6 6.5 6.3 6.1
MgO 7.4 7.4 7.4 7.6 7.8 7.9 7.9 8.0 7.9 7.9
FeO 4.0 4.2 4.2 4.2 4.1 4.0 4.0 4.0 3.9 3.8
CaO 5.9 6.0 6.1 6.0 6.2 6.1 6.2 6.2 6.2 6.3
Na2O 1.9 1.9 1.9 1.8 1.8 1.8 1.8 1.8 1.8 1.7
K2O 0.7 0.7 0.7 0.6 0.6 0.6 0.6 0.6 0.7 0.7
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Depth (km) 5 10 15 20 25 30 35 40 45 50
T (C) 136 238 327 410 488 564 638 711 784 856
P (kbar) 1.6 3.2 4.9 6.5 8.1 9.7 11.3 12.9 14.6 16.2
Vp = 7.5 km/s
Mean
SiO2 47.4 47.4 46.6 46.0 45.5 45.0 44.9 44.9 45.0 44.8
Al2O3 18.4 18.4 19.2 19.5 19.7 20.0 20.3 20.2 20.0 20.3
MgO 14.7 14.4 14.4 14.5 14.6 14.6 14.2 14.5 14.4 14.3
FeO 5.8 5.7 5.5 5.2 5.2 5.2 5.1 5.0 5.0 5.0
CaO 10.1 10.3 10.5 10.9 10.9 11.1 11.5 11.5 11.6 11.7
Na2O 2.9 2.9 3.0 3.1 3.1 3.2 3.2 3.2 3.1 3.2
K2O 0.8 0.8 0.8 0.9 0.9 0.9 0.9 0.9 0.9 0.9
Std. Dev.
SiO2 7.2 7.2 7.3 7.2 7.3 7.1 7.2 7.1 7.1 7.3
Al2O3 6.5 6.5 6.4 6.2 6.3 6.2 6.4 6.3 6.2 6.3
MgO 7.9 7.6 7.9 8.0 7.9 7.8 7.7 7.6 7.7 7.6
FeO 4.1 4.1 3.9 3.8 3.8 3.8 3.8 3.7 3.7 3.6
CaO 6.3 6.1 6.2 6.2 6.0 6.0 5.9 5.9 5.9 5.9
Na2O 1.8 1.8 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7
K2O 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6
N 239 235 227 232 229 234 235 230 230 233
Vp = 7.6 km/s
Mean
SiO2 44.5 44.1 43.2 42.9 42.3 41.9 41.7 41.7 41.4 41.4
Al2O3 20.5 20.7 21.5 21.5 21.6 21.9 21.9 21.8 21.8 21.8
MgO 14.5 14.7 14.4 14.4 14.9 14.8 15.1 15.3 15.7 15.7
FeO 5.3 5.1 5.2 5.1 5.4 5.5 5.4 5.5 5.5 5.5
CaO 10.8 11.2 11.3 11.5 11.2 11.3 11.3 11.2 11.1 11.1
Na2O 3.4 3.4 3.6 3.6 3.6 3.7 3.7 3.7 3.7 3.7
K2O 0.9 0.9 0.9 0.9 0.9 0.8 0.9 0.8 0.8 0.8
Std. Dev.
SiO2 7.3 7.1 7.6 7.6 7.8 7.9 7.8 7.8 7.7 7.6
Al2O3 6.4 6.4 6.8 6.8 6.8 6.7 6.7 6.7 6.7 6.5
MgO 7.7 7.5 7.3 7.0 7.2 7.1 7.3 7.2 7.6 7.6
FeO 3.9 3.6 3.5 3.5 3.5 3.5 3.4 3.5 3.5 3.4
CaO 5.9 5.7 5.5 5.4 5.3 5.2 5.2 5.1 5.2 5.3
Na2O 1.7 1.7 1.7 1.8 1.8 1.8 1.8 1.7 1.7 1.7
K2O 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
N 205 208 228 240 251 263 259 260 258 264
a




Geosystems G3 behn and kelemen: seismic p-wave velocity 10.1029/2002GC000393
42 of 57
Table A.4. Mean and Standard Deviation of Major Element Oxides as a Function of Vp for a Normal Continental
Geotherm (qs = 56 mW m
2) With Peq < 12 kbar
a
Depth (km) 5 10 15 20 25 30 35 40 45 50
T (C) 91 155 211 263 311 359 405 451 496 541
P (kbar) 1.6 3.2 4.9 6.5 8.1 9.7 11.3 12.9 14.6 16.2
Vp = 6.2 km/s
Mean
SiO2 75.3 75.9 75.9 76.4 76.6 77.0 76.9 75.3 75.7 76.0
Al2O3 7.6 7.2 7.2 6.9 6.7 6.1 6.2 7.3 7.4 7.4
MgO 2.2 2.1 2.1 2.1 2.1 1.9 1.6 1.2 1.0 1.0
FeO 7.7 7.7 7.7 7.7 7.8 8.1 8.3 10.1 9.8 9.3
CaO 2.1 2.0 2.0 1.9 1.9 1.9 2.0 1.5 1.6 1.6
Na2O 2.3 2.2 2.2 2.2 2.1 2.0 2.1 2.2 2.2 2.2
K2O 2.8 2.8 2.8 2.8 2.8 2.9 2.9 2.3 2.4 2.5
Std. Dev.
SiO2 6.3 6.6 6.7 6.3 6.3 5.8 6.3 6.4 7.4 7.3
Al2O3 5.1 5.1 5.2 4.8 4.7 4.3 4.7 5.2 5.5 5.6
MgO 1.1 1.1 1.1 1.1 1.1 1.1 0.9 0.8 0.6 0.6
FeO 5.7 5.6 5.6 5.7 5.8 6.1 6.5 7.0 7.5 7.2
CaO 1.1 1.1 1.1 1.1 1.1 1.1 1.2 0.9 0.8 0.9
Na2O 1.3 1.3 1.3 1.3 1.3 1.2 1.2 1.4 1.5 1.5
K2O 1.3 1.3 1.3 1.3 1.3 1.4 1.5 1.2 1.0 1.0
N 114 114 113 109 106 87 66 41 30 29
Vp = 6.3 km/s
Mean
SiO2 73.0 73.1 73.0 73.3 73.5 73.7 73.6 73.7 74.9 75.1
Al2O3 9.0 9.1 8.8 8.5 8.4 8.6 8.7 8.7 8.1 8.1
MgO 3.1 3.1 2.9 3.0 2.9 2.6 2.5 2.1 2.1 2.1
FeO 6.9 6.8 7.3 7.6 7.4 7.4 7.6 8.1 7.6 7.5
CaO 2.6 2.6 2.6 2.3 2.4 2.4 2.3 2.2 2.0 1.9
Na2O 2.5 2.6 2.5 2.5 2.5 2.6 2.6 2.5 2.4 2.5
K2O 2.8 2.9 2.8 2.8 2.9 2.9 2.8 2.7 2.8 2.9
Std. Dev.
SiO2 8.2 8.2 8.2 7.9 8.0 7.9 7.7 8.1 8.2 8.2
Al2O3 6.9 7.0 6.9 6.8 6.9 6.8 6.3 6.5 6.6 6.7
MgO 2.0 2.0 1.9 1.9 1.8 1.7 1.7 1.2 1.1 1.1
FeO 5.2 5.2 5.8 5.9 5.9 5.8 5.9 5.8 5.5 5.6
CaO 1.6 1.6 1.6 1.4 1.4 1.4 1.4 1.2 1.1 1.1
Na2O 1.8 1.8 1.8 1.7 1.8 1.7 1.6 1.7 1.7 1.8
K2O 1.3 1.3 1.4 1.4 1.4 1.4 1.4 1.4 1.3 1.3
N 204 199 206 183 174 163 148 129 121 117
Vp = 6.4 km/s
Mean
SiO2 66.6 66.5 66.4 66.8 67.2 68.5 69.4 70.8 71.6 72.2
Al2O3 13.1 13.4 13.6 13.4 13.3 12.3 11.7 10.7 10.1 9.7
MgO 3.9 3.7 3.7 3.7 3.5 3.4 3.4 3.2 3.1 3.1
FeO 7.2 7.0 7.1 6.9 6.8 7.2 7.2 6.8 7.1 6.9
CaO 3.3 3.3 3.2 3.0 3.0 2.8 2.7 2.6 2.6 2.5
Na2O 3.4 3.4 3.5 3.5 3.5 3.2 3.1 3.0 2.8 2.8
K2O 2.6 2.6 2.6 2.6 2.7 2.6 2.6 2.8 2.8 2.9
Std. Dev.
SiO2 9.6 9.6 9.7 9.7 9.4 9.6 9.6 9.7 9.3 9.3
Al2O3 8.6 8.4 8.5 8.5 8.4 8.3 8.2 8.1 8.0 7.7
MgO 2.6 2.5 2.5 2.5 2.3 2.1 2.0 2.0 2.0 2.0
FeO 5.2 5.2 5.1 5.1 5.2 5.0 5.0 4.9 5.1 5.2
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Depth (km) 5 10 15 20 25 30 35 40 45 50
T (C) 91 155 211 263 311 359 405 451 496 541
P (kbar) 1.6 3.2 4.9 6.5 8.1 9.7 11.3 12.9 14.6 16.2
CaO 2.1 2.1 1.9 1.8 1.8 1.6 1.6 1.6 1.6 1.6
Na2O 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.1 2.0 2.0
K2O 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.3 1.3 1.3
N 227 224 216 212 199 199 219 233 229 210
Vp = 6.5 km/s
Mean
SiO2 60.0 60.6 60.6 61.3 61.8 62.4 63.3 64.3 64.4 64.4
Al2O3 17.0 16.7 16.7 16.4 16.1 15.7 15.1 14.4 14.3 14.5
MgO 4.5 4.6 4.5 4.2 4.1 4.2 4.3 4.3 4.1 3.8
FeO 8.0 8.0 8.0 7.9 8.0 8.0 8.0 7.7 7.9 7.9
CaO 4.3 4.1 4.0 3.9 3.8 3.6 3.2 3.1 3.1 3.1
Na2O 4.0 4.0 4.0 4.0 3.9 3.9 3.8 3.7 3.7 3.8
K2O 2.1 2.1 2.1 2.2 2.2 2.3 2.3 2.5 2.4 2.5
Std. Dev.
SiO2 9.6 9.6 9.8 10.1 10.3 10.5 11.3 11.6 11.5 11.6
Al2O3 8.2 8.3 8.4 8.3 8.4 8.5 9.2 9.4 9.2 9.2
MgO 3.0 3.0 2.8 2.8 2.8 2.8 2.7 2.7 2.8 2.6
FeO 5.8 5.7 5.8 5.7 5.7 5.8 5.7 5.8 5.9 6.0
CaO 2.8 2.7 2.6 2.5 2.5 2.4 2.0 2.0 2.0 2.0
Na2O 2.2 2.2 2.2 2.2 2.2 2.2 2.4 2.4 2.4 2.3
K2O 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.2 1.2 1.2
N 307 307 291 295 284 284 267 272 274 263
Vp = 6.6 km/s
Mean
SiO2 58.0 58.1 58.5 58.6 58.7 58.5 58.4 58.2 58.2 58.5
Al2O3 17.6 17.5 17.1 17.1 17.2 17.6 17.7 17.8 17.9 17.9
MgO 5.5 5.5 5.5 5.5 5.3 5.1 5.1 5.1 5.0 4.7
FeO 8.2 8.3 8.3 8.3 8.4 8.2 8.4 8.5 8.5 8.7
CaO 5.0 4.8 4.7 4.7 4.7 4.6 4.3 4.2 4.1 4.0
Na2O 3.9 4.0 3.9 3.9 4.0 4.1 4.1 4.2 4.3 4.3
K2O 1.8 1.8 1.8 1.9 1.9 1.9 1.9 1.9 2.0 2.0
Std. Dev.
SiO2 9.7 9.9 10.0 10.0 10.4 10.2 10.3 10.5 10.5 10.8
Al2O3 8.2 8.4 8.4 8.3 8.6 8.4 8.5 8.5 8.5 8.8
MgO 3.4 3.4 3.4 3.4 3.3 3.3 3.3 3.3 3.2 3.1
FeO 5.7 5.7 5.8 5.7 5.7 5.9 6.0 5.9 6.0 6.0
CaO 3.0 3.0 2.9 2.9 2.9 2.9 2.8 2.7 2.7 2.6
Na2O 2.2 2.2 2.2 2.2 2.3 2.2 2.2 2.2 2.2 2.3
K2O 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1
N 426 419 408 399 395 395 372 363 355 347
Vp = 6.7 km/s
Mean
SiO2 55.9 55.7 55.8 56.0 56.1 56.2 56.1 56.1 56.1 56.9
Al2O3 18.1 18.2 18.2 18.0 18.1 18.1 18.5 18.5 18.5 18.0
MgO 6.9 6.8 6.7 6.6 6.4 6.1 5.9 5.9 5.8 5.8
FeO 8.3 8.4 8.5 8.6 8.6 8.7 8.7 8.7 8.9 8.7
CaO 5.4 5.5 5.4 5.2 5.3 5.3 5.2 4.9 4.8 4.8
Na2O 3.9 3.9 4.0 4.0 4.0 4.0 4.1 4.2 4.2 4.1
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Depth (km) 5 10 15 20 25 30 35 40 45 50
T (C) 91 155 211 263 311 359 405 451 496 541
P (kbar) 1.6 3.2 4.9 6.5 8.1 9.7 11.3 12.9 14.6 16.2
Std. Dev.
SiO2 9.9 9.9 10.0 10.2 10.2 10.3 10.2 10.2 10.2 10.3
Al2O3 8.5 8.4 8.5 8.6 8.5 8.6 8.3 8.2 8.3 8.4
MgO 3.5 3.5 3.6 3.6 3.4 3.3 3.4 3.3 3.3 3.3
FeO 5.4 5.4 5.4 5.5 5.5 5.5 5.6 5.7 5.7 5.6
CaO 3.4 3.4 3.4 3.3 3.2 3.3 3.2 3.0 2.9 2.9
Na2O 2.4 2.3 2.3 2.3 2.3 2.4 2.3 2.2 2.2 2.2
K2O 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
N 485 492 491 479 480 478 477 472 458 460
Vp = 6.8 km/s
Mean
SiO2 54.3 54.5 54.4 54.3 54.4 54.8 55.0 55.2 55.2 55.5
Al2O3 18.3 18.1 18.5 18.7 18.5 18.3 18.0 18.0 18.2 18.2
MgO 8.3 8.4 8.1 7.9 7.9 7.9 7.8 7.6 7.4 7.2
FeO 7.8 7.8 7.8 8.1 8.0 8.1 8.2 8.2 8.1 8.1
CaO 6.1 6.1 6.0 5.9 5.8 5.7 5.8 5.7 5.6 5.6
Na2O 3.8 3.7 3.8 3.9 3.9 3.8 3.8 3.8 3.9 3.9
K2O 1.4 1.4 1.4 1.4 1.4 1.4 1.5 1.5 1.5 1.5
Std. Dev.
SiO2 9.7 9.7 9.7 9.8 9.8 10.0 10.1 10.2 10.2 10.1
Al2O3 8.3 8.3 8.3 8.4 8.4 8.5 8.5 8.6 8.5 8.4
MgO 4.1 4.0 4.0 3.8 3.8 3.7 3.7 3.6 3.6 3.5
FeO 5.2 5.2 5.2 5.3 5.3 5.2 5.2 5.2 5.2 5.1
CaO 3.9 3.8 3.8 3.7 3.7 3.5 3.5 3.5 3.5 3.5
Na2O 2.3 2.3 2.3 2.4 2.3 2.3 2.4 2.4 2.3 2.3
K2O 0.9 0.9 0.9 0.8 0.9 0.9 0.9 0.9 0.9 0.9
N 542 552 547 536 542 544 547 539 532 525
Vp = 6.9 km/s
Mean
SiO2 53.2 53.3 53.7 53.6 53.8 54.0 54.5 54.8 55.2 54.9
Al2O3 18.1 18.0 17.8 18.1 17.9 17.9 17.5 17.4 17.3 17.6
MgO 9.8 9.8 9.8 9.6 9.7 9.6 9.5 9.2 9.1 9.1
FeO 7.1 7.2 7.1 7.1 7.2 7.1 7.0 7.0 6.9 7.1
CaO 6.9 6.7 6.7 6.7 6.5 6.5 6.5 6.6 6.6 6.4
Na2O 3.6 3.6 3.5 3.6 3.6 3.6 3.5 3.5 3.4 3.5
K2O 1.3 1.4 1.4 1.4 1.4 1.4 1.5 1.5 1.5 1.5
Std. Dev.
SiO2 9.1 9.1 9.1 9.0 9.1 9.1 9.1 9.3 9.2 9.4
Al2O3 8.1 8.2 8.1 8.0 8.1 8.1 8.1 8.2 8.2 8.3
MgO 4.9 4.8 4.8 4.7 4.8 4.7 4.6 4.6 4.5 4.5
FeO 4.8 4.8 4.8 4.8 4.8 4.7 4.6 4.6 4.5 4.7
CaO 4.4 4.2 4.2 4.2 4.2 4.1 4.0 4.0 3.8 3.8
Na2O 2.2 2.2 2.1 2.1 2.2 2.1 2.1 2.2 2.2 2.2
K2O 0.8 0.8 0.9 0.8 0.8 0.9 0.8 0.9 0.8 0.9
N 537 528 544 556 551 559 578 570 556 555
Vp = 7.0 km/s
Mean
SiO2 51.4 51.3 51.7 52.1 52.2 52.3 52.4 52.5 53.0 53.1
Al2O3 18.2 18.4 18.0 17.8 17.8 17.9 18.0 17.9 17.6 17.8
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Depth (km) 5 10 15 20 25 30 35 40 45 50
T (C) 91 155 211 263 311 359 405 451 496 541
P (kbar) 1.6 3.2 4.9 6.5 8.1 9.7 11.3 12.9 14.6 16.2
FeO 7.0 7.1 7.1 7.0 7.0 6.9 6.9 7.1 7.0 7.1
CaO 7.3 7.3 7.3 7.3 7.3 7.3 7.3 7.1 7.1 6.8
Na2O 3.4 3.5 3.4 3.4 3.4 3.4 3.4 3.5 3.4 3.5
K2O 1.1 1.1 1.2 1.2 1.2 1.2 1.3 1.3 1.3 1.3
Std. Dev.
SiO2 8.5 8.5 8.5 8.6 8.6 8.6 8.7 8.7 9.0 9.1
Al2O3 7.9 7.9 7.9 7.9 7.9 7.9 7.8 7.9 8.1 8.1
MgO 5.3 5.4 5.4 5.4 5.5 5.5 5.5 5.4 5.2 5.2
FeO 4.7 4.7 4.7 4.7 4.7 4.6 4.6 4.6 4.5 4.6
CaO 4.8 4.8 4.7 4.7 4.7 4.7 4.7 4.5 4.4 4.2
Na2O 2.1 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.1 2.1
K2O 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.9
N 471 468 489 512 506 520 521 518 528 536
Vp = 7.1 km/s
Mean
SiO2 49.8 50.0 49.8 50.1 50.1 50.2 49.9 50.2 50.2 50.5
Al2O3 18.2 18.1 18.4 18.2 18.3 18.3 18.5 18.5 18.7 18.6
MgO 13.1 13.0 12.8 12.7 12.6 12.8 12.5 12.3 11.9 11.8
FeO 7.0 7.0 7.0 6.9 6.9 7.0 7.2 7.1 7.2 7.2
CaO 7.5 7.7 7.7 7.7 7.7 7.4 7.4 7.3 7.4 7.4
Na2O 3.3 3.3 3.4 3.3 3.4 3.4 3.5 3.5 3.5 3.5
K2O 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Std. Dev.
SiO2 8.1 8.1 8.1 8.3 8.3 8.3 8.5 8.6 8.7 8.7
Al2O3 7.7 7.7 7.7 7.7 7.7 7.8 7.8 7.8 7.9 7.8
MgO 5.7 5.8 5.8 5.8 5.7 5.7 5.7 5.6 5.5 5.5
FeO 5.0 4.9 4.9 5.0 4.9 5.0 5.0 5.0 5.0 5.0
CaO 5.1 5.2 5.2 5.2 5.0 5.0 5.0 4.9 4.9 4.9
Na2O 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
K2O 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
N 422 438 435 445 455 459 448 466 488 497
Vp = 7.2 km/s
Mean
SiO2 48.7 48.8 48.5 48.5 48.9 48.9 49.1 49.5 49.5 49.7
Al2O3 18.2 18.2 18.5 18.6 18.4 18.4 18.3 18.2 18.1 17.9
MgO 13.9 13.8 13.7 13.6 13.6 13.6 13.6 13.6 13.5 13.5
FeO 6.9 6.8 6.7 6.7 6.7 6.7 6.6 6.5 6.7 6.7
CaO 8.2 8.3 8.3 8.3 8.3 8.2 8.2 8.2 8.1 8.0
Na2O 3.2 3.2 3.3 3.3 3.2 3.2 3.2 3.2 3.2 3.2
K2O 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 1.0
Std. Dev.
SiO2 7.9 7.9 8.0 8.0 8.0 8.0 7.9 7.9 7.8 7.9
Al2O3 7.8 7.8 7.9 7.9 7.7 7.8 7.7 7.6 7.5 7.5
MgO 6.3 6.3 6.3 6.2 6.1 6.1 6.1 6.1 6.1 6.0
FeO 4.8 4.8 4.8 4.8 4.7 4.7 4.8 4.7 4.9 4.9
CaO 5.4 5.5 5.5 5.4 5.3 5.2 5.3 5.3 5.3 5.2
Na2O 1.9 2.0 2.0 2.0 1.9 1.9 1.9 1.9 1.9 1.9
K2O 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6
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Depth (km) 5 10 15 20 25 30 35 40 45 50
T (C) 91 155 211 263 311 359 405 451 496 541
P (kbar) 1.6 3.2 4.9 6.5 8.1 9.7 11.3 12.9 14.6 16.2
Vp = 7.3 km/s
Mean
SiO2 46.6 46.5 46.6 47.0 47.2 47.3 47.9 48.0 48.2 47.9
Al2O3 19.4 19.6 19.4 19.2 19.1 19.1 18.7 18.6 18.4 18.8
MgO 14.0 13.9 14.0 13.9 13.8 13.6 13.8 13.8 13.9 13.9
FeO 6.3 6.2 6.2 6.1 6.2 6.2 6.0 6.1 6.0 6.0
CaO 9.8 9.9 9.8 9.9 9.8 9.9 9.9 9.8 9.7 9.4
Na2O 3.2 3.2 3.2 3.1 3.1 3.1 3.0 3.0 3.0 3.1
K2O 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8
Std. Dev.
SiO2 6.7 6.6 6.7 6.9 7.1 7.1 7.2 7.2 7.2 7.3
Al2O3 7.8 7.7 7.8 7.8 7.8 7.8 7.8 7.7 7.6 7.7
MgO 6.9 6.9 6.9 6.7 6.8 6.8 6.7 6.8 6.8 7.0
FeO 4.0 4.1 4.1 4.1 4.1 4.1 4.1 4.2 4.3 4.2
CaO 5.8 5.8 5.7 5.7 5.6 5.7 5.6 5.7 5.7 5.8
Na2O 1.7 1.7 1.7 1.8 1.8 1.8 1.8 1.8 1.7 1.7
K2O 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
N 282 276 284 291 297 303 325 334 348 334
Vp = 7.4 km/s
Mean
SiO2 45.7 45.7 46.1 46.1 46.0 46.0 46.0 46.0 45.9 46.2
Al2O3 19.3 19.2 18.9 18.9 19.0 19.2 19.3 19.4 19.5 19.4
MgO 15.3 15.3 15.3 15.4 15.3 14.9 14.9 14.7 14.7 14.4
FeO 5.6 5.6 5.6 5.6 5.6 5.7 5.7 5.5 5.6 5.5
CaO 10.4 10.4 10.4 10.4 10.4 10.6 10.5 10.6 10.5 10.8
Na2O 3.0 3.0 2.9 2.9 3.0 3.0 3.0 3.0 3.1 3.0
K2O 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
Std. Dev.
SiO2 6.1 6.1 6.1 6.0 6.1 6.0 6.1 6.1 6.1 6.2
Al2O3 7.4 7.3 7.2 7.2 7.2 7.2 7.2 7.1 7.1 7.0
MgO 7.3 7.3 7.3 7.3 7.3 7.4 7.3 7.4 7.4 7.5
FeO 3.8 3.8 3.8 3.8 3.7 3.7 3.7 3.7 3.8 3.7
CaO 6.0 5.9 5.9 5.9 5.9 6.0 6.0 6.0 6.0 6.0
Na2O 1.7 1.7 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6
K2O 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
N 240 240 247 250 250 252 252 256 248 258
Vp = 7.5 km/s
Mean
SiO2 45.3 45.1 45.1 45.0 45.1 45.1 45.1 45.2 45.1 45.8
Al2O3 18.6 18.7 18.8 18.7 18.8 18.8 18.8 18.8 18.8 18.3
MgO 16.8 16.8 16.8 17.0 16.6 16.6 16.7 16.7 16.7 16.5
FeO 5.0 5.1 5.0 5.1 5.1 5.0 5.0 5.0 5.0 5.1
CaO 10.7 10.8 10.8 10.7 11.0 10.9 10.8 10.8 10.8 10.9
Na2O 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.9 2.7
K2O 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
Std. Dev.
SiO2 5.6 5.6 5.7 5.7 5.5 5.5 5.5 5.5 5.5 5.8
Al2O3 6.2 6.1 6.1 6.1 5.9 5.9 5.9 5.9 5.8 6.1
MgO 8.0 7.8 7.9 7.8 7.9 7.9 7.8 7.8 7.8 7.5
FeO 3.0 3.0 3.0 3.0 2.9 3.0 2.9 2.9 2.9 3.2
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Depth (km) 5 10 15 20 25 30 35 40 45 50
T (C) 91 155 211 263 311 359 405 451 496 541
P (kbar) 1.6 3.2 4.9 6.5 8.1 9.7 11.3 12.9 14.6 16.2
Na2O 1.7 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.5 1.6
K2O 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
N 156 167 164 168 177 177 178 181 184 209
Vp = 7.6 km/s
Mean
SiO2 41.9 42.0 42.1 42.1 42.2 42.7 42.6 42.6 42.4 42.3
Al2O3 21.8 21.7 21.5 21.6 21.5 21.1 21.1 21.0 21.3 21.4
MgO 15.3 15.3 15.4 15.4 15.4 15.8 15.8 15.7 15.4 15.3
FeO 4.0 4.0 4.1 4.1 4.0 4.0 4.0 4.1 4.4 4.4
CaO 12.7 12.7 12.6 12.7 12.7 12.5 12.4 12.4 12.4 12.5
Na2O 3.4 3.4 3.3 3.4 3.3 3.2 3.3 3.2 3.3 3.3
K2O 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.8 0.8
Std. Dev.
SiO2 4.9 4.8 5.0 5.0 5.0 5.3 5.3 5.5 6.2 6.2
Al2O3 5.1 5.1 5.3 5.3 5.3 5.6 5.6 5.9 6.2 6.2
MgO 7.7 7.7 7.8 7.7 7.7 7.7 7.7 7.6 7.4 7.4
FeO 2.4 2.4 2.5 2.5 2.5 2.5 2.5 2.6 2.8 2.8
CaO 5.6 5.6 5.6 5.6 5.5 5.5 5.5 5.4 5.4 5.4
Na2O 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.6 1.7 1.7
K2O 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
N 143 143 140 142 145 152 154 157 178 179
a
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Table A.5. Mean and Standard Deviation of Major Element Oxides as a Function of Vp for a Normal Continental
Geotherm (qs = 56 mW m
2) With Peq  12 kbara
Depth (km) 5 10 15 20 25 30 35 40 45 50
T (C) 91 155 211 263 311 359 405 451 496 541
P (kbar) 1.6 3.2 4.9 6.5 8.1 9.7 11.3 12.9 14.6 16.2
Vp = 6.4 km/s
Mean
SiO2 70.4 70.6 70.6 71.0 71.4 72.1 73.7 74.4 74.8 74.6
Al2O3 10.9 11.1 11.1 10.8 10.3 10.0 8.8 8.2 8.2 8.4
MgO 3.7 3.5 3.5 3.4 3.4 3.2 2.9 2.9 2.8 2.7
FeO 6.6 6.3 6.3 6.2 6.5 6.3 6.7 6.5 6.3 6.3
CaO 2.7 2.7 2.7 2.7 2.5 2.5 2.3 2.4 2.4 2.3
Na2O 3.0 3.0 3.0 3.0 2.9 2.9 2.6 2.5 2.5 2.6
K2O 2.8 2.8 2.8 2.9 2.9 3.0 3.0 3.1 3.1 3.2
Std. Dev.
SiO2 9.1 9.3 9.3 9.3 9.2 9.0 8.8 8.7 8.4 8.6
Al2O3 8.6 8.5 8.5 8.4 8.2 8.0 7.9 7.8 7.7 7.9
MgO 2.5 2.5 2.5 2.3 2.2 2.1 2.0 2.0 1.9 1.8
FeO 5.3 5.2 5.2 5.3 5.6 5.4 5.5 5.4 5.4 5.4
CaO 1.9 1.9 1.9 1.8 1.6 1.6 1.6 1.6 1.6 1.5
Na2O 2.1 2.2 2.2 2.1 2.1 2.0 2.0 2.0 2.0 2.0
K2O 1.1 1.1 1.1 1.2 1.2 1.2 1.2 1.3 1.3 1.3
N 63 62 62 57 58 66 72 69 68 64
Vp = 6.5 km/s
Mean
SiO2 64.5 64.8 65.6 66.1 67.1 68.6 69.3 69.4 70.0 70.7
Al2O3 14.9 14.7 14.0 13.7 12.9 11.8 11.5 11.4 11.0 10.7
MgO 4.5 4.5 4.4 4.3 4.4 4.3 4.2 4.1 4.1 3.9
FeO 6.8 6.9 7.0 7.0 6.8 6.9 6.5 6.5 6.6 6.4
CaO 2.9 2.8 2.9 2.8 2.8 2.8 2.7 2.7 2.6 2.6
Na2O 3.8 3.8 3.6 3.6 3.4 3.1 3.1 3.1 3.0 2.9
K2O 2.6 2.5 2.5 2.6 2.6 2.6 2.8 2.8 2.8 2.8
Std. Dev.
SiO2 8.5 8.5 8.8 8.9 9.3 9.0 9.0 9.1 9.0 9.0
Al2O3 8.6 8.6 8.7 8.5 8.9 8.4 8.6 8.7 8.4 8.2
MgO 2.8 2.7 2.7 2.7 2.6 2.7 2.7 2.7 2.7 2.6
FeO 5.0 5.1 5.2 5.2 5.1 5.3 5.2 5.2 5.2 5.2
CaO 2.2 2.2 2.1 2.1 1.9 2.0 1.9 1.9 1.8 1.9
Na2O 2.2 2.2 2.2 2.2 2.3 2.2 2.1 2.1 2.1 2.0
K2O 1.0 1.0 1.0 1.0 1.0 1.0 1.1 1.1 1.1 1.1
N 70 72 78 77 74 77 78 74 73 67
Vp = 6.6 km/s
Mean
SiO2 62.5 62.4 62.5 62.9 63.0 62.8 62.7 62.7 62.8 63.9
Al2O3 15.7 15.5 15.5 15.2 15.3 15.5 15.6 16.0 15.9 15.3
MgO 5.4 5.4 5.5 5.6 5.1 5.1 5.0 4.8 4.8 4.6
FeO 6.6 6.9 6.8 6.9 7.1 7.0 7.0 6.9 7.0 6.9
CaO 3.8 3.7 3.4 3.3 3.4 3.4 3.2 3.1 2.9 2.9
Na2O 3.8 3.8 3.8 3.8 3.8 3.9 3.9 4.1 4.1 3.9
K2O 2.3 2.3 2.4 2.4 2.4 2.4 2.5 2.5 2.5 2.5
Std. Dev.
SiO2 9.2 9.8 10.0 10.1 10.3 10.3 10.1 10.2 10.3 10.5
Al2O3 8.6 8.9 9.1 9.2 9.4 9.4 9.2 9.1 9.3 9.1
MgO 3.5 3.5 3.5 3.5 3.2 3.2 3.1 3.1 3.1 2.9
FeO 5.1 5.1 5.1 5.1 5.2 5.2 5.2 4.9 5.0 5.2
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Depth (km) 5 10 15 20 25 30 35 40 45 50
T (C) 91 155 211 263 311 359 405 451 496 541
P (kbar) 1.6 3.2 4.9 6.5 8.1 9.7 11.3 12.9 14.6 16.2
CaO 2.7 2.7 2.5 2.5 2.5 2.5 2.4 2.4 2.2 2.2
Na2O 2.2 2.3 2.3 2.3 2.4 2.4 2.3 2.3 2.3 2.3
K2O 1.0 0.9 0.9 0.9 0.9 0.9 1.0 1.0 1.0 1.0
N 90 95 85 88 83 82 84 84 83 82
Vp = 6.7 km/s
Mean
SiO2 60.2 60.0 60.1 60.1 60.2 59.9 60.1 60.3 60.4 61.1
Al2O3 16.0 16.1 16.1 16.3 16.4 16.9 16.7 16.9 17.0 16.6
MgO 5.9 5.9 5.7 5.7 5.5 5.3 5.3 5.2 5.2 5.2
FeO 8.1 8.1 8.1 7.9 7.8 7.6 7.7 7.5 7.3 7.2
CaO 4.4 4.3 4.4 4.4 4.3 4.4 4.2 4.1 3.9 3.7
Na2O 3.6 3.7 3.7 3.7 3.8 3.9 3.9 4.0 4.0 4.0
K2O 1.8 1.9 1.9 1.9 2.0 2.0 2.1 2.1 2.1 2.2
Std. Dev.
SiO2 9.7 9.7 9.7 9.8 9.5 9.8 9.9 10.0 10.1 10.1
Al2O3 8.2 8.2 8.2 8.3 8.0 8.3 8.5 8.3 8.5 8.7
MgO 3.9 3.9 3.8 3.8 3.7 3.6 3.6 3.5 3.5 3.5
FeO 5.6 5.6 5.6 5.6 5.6 5.5 5.6 5.6 5.4 5.3
CaO 2.9 2.8 2.8 2.8 2.9 2.9 2.8 2.8 2.7 2.6
Na2O 2.2 2.2 2.2 2.2 2.1 2.2 2.3 2.2 2.2 2.2
K2O 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
N 106 104 103 104 106 104 106 106 101 103
Vp = 6.8 km/s
Mean
SiO2 57.4 57.6 57.9 58.1 58.2 58.3 58.3 58.8 58.9 58.5
Al2O3 17.6 17.4 17.4 17.3 17.3 17.2 17.3 16.9 16.7 17.0
MgO 6.5 6.5 6.2 6.1 6.3 6.3 6.3 6.3 6.4 6.2
FeO 8.1 8.1 8.0 8.0 7.7 7.7 7.7 7.9 8.0 8.3
CaO 4.8 4.9 5.0 5.0 4.9 4.9 4.7 4.6 4.4 4.2
Na2O 3.9 3.9 3.8 3.8 3.8 3.8 3.9 3.8 3.8 3.9
K2O 1.7 1.7 1.7 1.7 1.8 1.8 1.8 1.8 1.8 1.8
Std. Dev.
SiO2 9.8 9.4 9.5 9.5 9.5 9.7 9.8 10.2 10.1 10.3
Al2O3 8.3 8.1 8.1 8.1 8.1 8.2 8.2 8.4 8.4 8.5
MgO 4.1 4.1 4.0 4.0 4.1 4.0 4.0 4.0 4.0 3.9
FeO 5.4 5.4 5.4 5.5 5.5 5.4 5.5 5.7 5.6 5.5
CaO 3.3 3.3 3.3 3.3 3.3 3.3 3.2 3.1 2.9 2.7
Na2O 2.3 2.3 2.3 2.3 2.2 2.3 2.2 2.3 2.3 2.3
K2O 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.0
N 132 132 138 138 141 139 136 129 129 125
Vp = 6.9 km/s
Mean
SiO2 57.6 57.8 57.8 57.8 57.6 57.7 57.4 57.5 57.5 57.2
Al2O3 16.8 16.7 16.7 16.7 16.8 16.8 17.2 17.1 17.1 17.4
MgO 7.6 7.6 7.7 7.6 7.7 7.5 7.3 7.3 7.2 7.2
FeO 6.8 6.8 6.8 7.0 7.1 7.3 7.3 7.7 7.7 7.8
CaO 5.9 6.0 5.8 5.7 5.5 5.5 5.3 5.0 5.0 4.9
Na2O 3.5 3.5 3.5 3.5 3.6 3.6 3.7 3.7 3.8 3.9
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Depth (km) 5 10 15 20 25 30 35 40 45 50
T (C) 91 155 211 263 311 359 405 451 496 541
P (kbar) 1.6 3.2 4.9 6.5 8.1 9.7 11.3 12.9 14.6 16.2
Std. Dev.
SiO2 9.0 9.0 9.1 9.1 9.5 9.5 9.7 9.9 9.8 9.8
Al2O3 8.1 8.1 8.1 8.1 8.3 8.3 8.3 8.4 8.3 8.3
MgO 4.7 4.7 4.7 4.7 4.6 4.6 4.5 4.5 4.5 4.4
FeO 4.9 4.9 4.9 4.9 5.0 5.1 5.0 5.0 5.3 5.3
CaO 3.9 3.9 3.9 3.9 3.8 3.7 3.6 3.4 3.4 3.3
Na2O 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3
K2O 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.1 1.0
N 151 153 153 153 152 150 144 139 141 139
Vp = 7.0 km/s
Mean
SiO2 57.9 57.9 57.9 57.8 57.9 57.8 58.1 58.2 58.2 58.4
Al2O3 15.3 15.3 15.3 15.4 15.4 15.5 15.4 15.5 15.6 15.7
MgO 8.9 9.0 9.0 9.0 8.9 9.0 8.8 8.4 8.3 8.2
FeO 6.8 6.9 6.9 7.0 7.0 7.0 7.0 6.9 6.8 6.6
CaO 6.5 6.5 6.4 6.2 6.2 6.1 6.2 6.2 6.3 6.3
Na2O 3.0 3.0 3.0 3.0 3.0 3.1 3.1 3.1 3.1 3.2
K2O 1.5 1.5 1.5 1.5 1.5 1.6 1.6 1.6 1.6 1.7
Std. Dev.
SiO2 8.5 8.6 8.6 8.6 8.6 8.5 8.7 8.5 8.5 8.5
Al2O3 7.2 7.2 7.2 7.3 7.2 7.2 7.3 7.3 7.4 7.4
MgO 5.3 5.3 5.4 5.4 5.4 5.3 5.3 5.2 5.3 5.2
FeO 4.8 4.8 4.8 4.8 4.7 4.8 4.6 4.7 4.7 4.7
CaO 4.4 4.3 4.3 4.1 4.1 4.0 4.0 4.0 3.9 3.9
Na2O 2.2 2.2 2.2 2.2 2.1 2.1 2.1 2.1 2.1 2.1
K2O 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 1.0
N 142 139 143 141 143 143 143 145 146 152
Vp = 7.1 km/s
Mean
SiO2 56.1 56.1 56.1 56.2 56.6 56.8 57.1 57.3 57.3 57.6
Al2O3 15.8 15.7 15.7 15.8 15.5 15.4 15.2 15.3 15.3 15.2
MgO 9.7 9.8 9.7 9.6 9.6 9.6 9.7 9.3 9.2 9.0
FeO 7.7 7.7 7.6 7.6 7.4 7.3 7.3 7.1 7.2 7.1
CaO 6.3 6.3 6.3 6.4 6.6 6.5 6.4 6.6 6.7 6.8
Na2O 3.1 3.1 3.1 3.1 3.0 3.0 2.9 2.9 2.9 2.9
K2O 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4
Std. Dev.
SiO2 8.9 8.9 8.9 8.9 8.7 8.7 8.7 8.7 8.9 8.8
Al2O3 7.5 7.5 7.5 7.5 7.3 7.3 7.3 7.4 7.5 7.5
MgO 5.6 5.7 5.7 5.6 5.6 5.6 5.5 5.4 5.4 5.3
FeO 5.2 5.2 5.2 5.2 5.0 5.0 5.0 4.9 4.8 4.8
CaO 4.5 4.5 4.5 4.5 4.6 4.6 4.5 4.5 4.4 4.4
Na2O 2.3 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2
K2O 1.0 1.0 1.0 1.0 0.9 0.9 0.9 0.9 0.9 0.9
N 128 129 131 130 133 139 140 146 148 155
Vp = 7.2 km/s
Mean
SiO2 54.6 54.7 54.6 54.8 54.8 54.9 55.2 55.2 55.1 55.4
Al2O3 16.3 16.2 16.2 16.1 16.1 16.0 15.9 16.0 16.1 16.0
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Depth (km) 5 10 15 20 25 30 35 40 45 50
T (C) 91 155 211 263 311 359 405 451 496 541
P (kbar) 1.6 3.2 4.9 6.5 8.1 9.7 11.3 12.9 14.6 16.2
FeO 8.0 8.0 8.0 7.9 7.9 7.9 7.9 7.9 7.9 7.8
CaO 6.5 6.6 6.6 6.7 6.6 6.7 6.6 6.5 6.6 6.5
Na2O 3.2 3.2 3.2 3.1 3.2 3.1 3.1 3.1 3.1 3.1
K2O 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3
Std. Dev.
SiO2 8.6 8.6 8.6 8.6 8.6 8.7 8.7 8.6 8.7 8.8
Al2O3 7.8 7.7 7.8 7.6 7.6 7.6 7.5 7.5 7.5 7.6
MgO 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.6 5.5
FeO 4.9 5.0 5.0 5.0 5.0 5.0 5.1 5.1 5.2 5.2
CaO 4.2 4.2 4.2 4.4 4.4 4.5 4.4 4.4 4.5 4.4
Na2O 2.1 2.1 2.2 2.1 2.1 2.1 2.1 2.1 2.1 2.1
K2O 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.9 0.9 0.9
N 136 138 137 138 139 138 145 151 147 146
Vp = 7.3 km/s
Mean
SiO2 52.7 52.7 52.8 53.0 53.0 52.9 53.3 53.5 53.5 53.4
Al2O3 17.9 17.9 17.8 17.5 17.6 17.6 17.3 16.9 16.8 16.9
MgO 9.9 9.8 9.8 10.0 9.9 10.0 10.1 10.4 10.6 10.6
FeO 7.4 7.5 7.5 7.5 7.6 7.6 7.6 7.7 7.8 7.8
CaO 7.4 7.4 7.5 7.2 7.2 7.2 7.2 7.0 6.8 6.8
Na2O 3.4 3.4 3.4 3.4 3.4 3.4 3.3 3.3 3.3 3.3
K2O 1.3 1.3 1.2 1.3 1.3 1.3 1.3 1.3 1.3 1.3
Std. Dev.
SiO2 8.5 8.5 8.5 8.6 8.6 8.8 8.8 8.8 8.8 8.8
Al2O3 7.4 7.4 7.4 7.4 7.5 7.6 7.5 7.5 7.6 7.5
MgO 6.0 5.8 5.8 5.9 6.0 5.9 5.9 5.9 5.9 5.9
FeO 4.7 4.7 4.7 4.7 4.8 4.7 4.7 4.8 4.8 4.8
CaO 4.7 4.7 4.7 4.5 4.4 4.4 4.4 4.4 4.3 4.3
Na2O 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.0 2.0
K2O 1.0 0.9 0.9 0.9 1.0 1.0 0.9 0.9 0.9 0.9
N 131 130 129 130 130 131 137 137 136 137
Vp = 7.4 km/s
Mean
SiO2 51.5 51.4 51.6 51.8 51.8 51.9 51.7 51.7 52.0 52.0
Al2O3 18.4 18.6 18.5 18.4 18.4 18.3 18.5 18.5 18.3 18.2
MgO 10.7 10.7 10.6 10.5 10.6 10.4 10.4 10.1 10.1 10.2
FeO 7.1 7.0 6.9 6.9 6.9 7.0 7.1 7.1 7.2 7.2
CaO 7.7 7.7 7.8 7.8 7.8 7.8 7.8 7.9 7.8 7.9
Na2O 3.4 3.5 3.4 3.4 3.4 3.4 3.5 3.5 3.4 3.4
K2O 1.1 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2
Std. Dev.
SiO2 8.2 8.2 8.2 8.1 8.2 8.1 8.3 8.3 8.4 8.4
Al2O3 7.5 7.4 7.4 7.5 7.5 7.4 7.5 7.5 7.5 7.5
MgO 6.9 7.0 6.9 6.8 6.8 6.7 6.7 6.5 6.4 6.4
FeO 4.7 4.7 4.7 4.7 4.7 4.7 4.8 4.8 4.7 4.7
CaO 5.3 5.3 5.3 5.3 5.2 5.2 5.2 5.2 5.2 5.2
Na2O 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.2 2.1
K2O 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
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Depth (km) 5 10 15 20 25 30 35 40 45 50
T (C) 91 155 211 263 311 359 405 451 496 541
P (kbar) 1.6 3.2 4.9 6.5 8.1 9.7 11.3 12.9 14.6 16.2
Vp = 7.5 km/s
Mean
SiO2 51.5 51.6 51.4 51.4 51.6 51.7 51.6 51.8 52.0 52.0
Al2O3 17.4 17.5 17.5 17.7 17.7 17.5 17.8 17.8 17.8 17.8
MgO 11.8 11.8 11.8 11.6 11.4 11.1 11.0 10.8 10.6 10.5
FeO 7.2 7.1 7.2 7.1 7.0 7.2 7.1 6.9 6.9 7.0
CaO 8.0 8.0 7.8 8.1 8.2 8.3 8.4 8.4 8.5 8.6
Na2O 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1
K2O 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.1 1.0
Std. Dev.
SiO2 8.0 8.0 7.9 7.8 7.8 7.7 7.6 7.5 7.5 7.6
Al2O3 7.3 7.3 7.4 7.3 7.3 7.2 7.1 7.1 7.0 7.0
MgO 7.0 7.0 7.0 7.0 7.0 7.0 7.1 7.0 7.0 6.9
FeO 5.0 5.0 4.9 4.9 4.9 5.0 5.0 5.0 5.0 4.9
CaO 5.7 5.7 5.8 5.9 5.9 5.9 6.0 5.9 5.9 5.9
Na2O 2.1 2.0 2.1 2.1 2.1 2.1 2.0 2.0 2.0 2.0
K2O 0.8 0.8 0.9 0.8 0.9 0.9 0.8 0.9 0.9 0.9
N 90 91 92 95 97 96 97 101 105 103
Vp = 7.6 km/s
Mean
SiO2 50.7 50.4 49.9 49.9 49.5 49.6 49.8 49.3 48.7 48.8
Al2O3 18.0 18.0 18.1 17.9 18.3 18.1 18.1 18.5 18.7 18.7
MgO 11.7 12.0 12.1 12.3 12.1 12.3 12.4 12.6 12.9 12.7
FeO 6.6 6.7 7.1 7.3 7.2 7.2 6.9 6.8 6.9 6.9
CaO 9.0 8.9 8.6 8.6 8.8 8.7 8.9 8.9 8.7 8.8
Na2O 3.1 3.1 3.2 3.1 3.2 3.1 3.1 3.2 3.2 3.2
K2O 1.0 1.0 1.0 0.9 0.9 0.9 0.9 0.9 0.8 0.8
Std. Dev.
SiO2 7.9 8.0 8.3 8.2 8.8 8.9 8.8 9.1 9.7 9.6
Al2O3 6.9 6.8 7.4 7.5 7.8 7.7 7.6 7.8 7.9 7.9
MgO 7.0 7.1 7.0 7.1 7.1 7.1 7.1 7.1 6.9 6.9
FeO 4.8 4.8 4.9 4.8 4.8 4.8 4.5 4.4 4.4 4.4
CaO 6.0 6.0 5.9 5.8 5.9 5.9 5.8 5.9 5.6 5.6
Na2O 2.1 2.1 2.2 2.1 2.2 2.2 2.1 2.1 2.1 2.1
K2O 1.0 1.0 1.0 0.9 0.9 0.9 0.9 0.9 0.8 0.8
N 72 74 77 77 78 79 80 84 87 91
a
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